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1 GENERAL INTRODUCTION 
The spontaneous aggregation of molecules to form ordered supramolecular structures is one of 
the most fundamental processes in the chemistry of life. The biomembrane is perhaps the most 
well known product of the self-assembly of molecules. The fluid character of the molecules 
constituting the biomembrane combined with the high degree of orientational order clearly 
illustrates why this structure is called a liquid crystalline phase or mesophase. 
Mesophases which are formed by solvent induced molecular aggregation, water in the case of 
the biomembrane, are called lyotropic liquid crystalline phases. Mesophases which are induced 
by temperature effects are referred to as thermotropic liquid crystals. Compounds that combine 
the properties of lyotropic and thermotropic liquid crystals are the so-called amphotropic liquid 
crystals.* This intriguing class of compounds is the subject of this thesis. 
1.1 Lyotropic mesomorphism 
1.1.1 Self-aggregation 
The term 'amphiphile' indicates that one part of the molecule likes a polar solvent while the 
other does not. This causes these molecules to concentrate at the solvent-air interface which 
usually lowers the surface tension of the solvent. Therefore amphiphiles are often called 
SURFace ACTive AgeNTS or briefly surfactants. 
Self-assembled structures of amphiphiles arise from a delicate interplay between solute-solvent, 
solvent-solvent and solute-solute interactions. Besides water, self-aggregation has been 
documented in polar solvents like hydrazine1, ethyl ammonium nitrate2, formamide3, ethylene 
glycol4 and molten pyridinium chloride.5 A molecule is amphiphilic in polar solvents when a 
polar or ionic headgroup region and an apolar tail region are present. There are many chemicals 
that meet this discription. Indeed the organic chemist and nature itself provide us with all 
thinkable variations on this theme. Variations are found in the number and length of the 
hydrophobic chains, linear or branched chains, charge of the headgroups i.e. cationic, anionic, 
zwitterionic or nonionic. Also the number of headgroups can be varied. Bola-amphiphiles 
possess two headgroups at both termini of the hydrophobic part of the molecule. Also dimeric6" 
8
 and trimeric9 ammonium surfactants have been reported containing two or three alkyl chains 
and two or three ammonium headgroups connected by alkyl spacers (Figure 1). These 
amphiphilic molecules self-assemble to create a microphase in which the hydrocarbon chains 
sequester themselves inside the aggregate and the headgroups orient themselves towards the 
polar solvent. 
* 'Amphotropic' is also used for a subclass of retroviruses that affect both murine and non-murine cells. 
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Lyotropic aggregation is not restricted to polar solvents. Fluorocarbons and hydrocarbons are 
also mutually immiscible. In a perfluorinated solvent a partially fluorinated long chain 
hydrocarbon behaves as an amphiphilic molecule and aggregates to form micelles with a 
hydrocarbon core and fluorocarbon headgroups.10 This solvophobic/solvophilic relationship 
may be reversed since bilayer assemblies of fluorocarbon amphiphiles have also been observed 
in aprotic organic media like cyclohexane.11 The common driving force for the molecular 
assembly is the solute/solvent immiscibility, an enthalpic force that arises from differences in 
cohesive energy between solute and solvent. 
a b c d e f 
^ f t = cationic, anionic, zwitterionic or polar headgroup 
Figure 1. Schematic representation of amphiphilic molecules; a = single chained amphiphile, b = 
double chained amphiphile, c = branched amphiphile, d = bola-amphiphile, e = dimeric amphiphile, f = 
trimeric amphiphile. 
The forces that govern the attraction between two or more molecules in water are not yet well 
understood. During the past 50 years there has been much controversy about the driving force 
for these hydrophobic interactions. A popular interpretation is the 'iceberg model' proposed by 
Frank and Evans12 in 1945. The unusually large and negative entropy of dissolution of apolar 
molecules in water is explained by assuming a 'structuring of the water molecules' in the 
hydration sphere of the molecule, accompanied by the formation of extra and stronger hydrogen 
bonds. The association of the apolar molecules is then accompanied by a release of structured 
hydration water. The gain in entropy (AS) is assumed to be the driving force for hydrophobic 
interactions. 
Recently a different interpretation evolved.13-15 At more elevated temperatures the hydrogen 
bond network of water weakens considerably but aggregation of apolar molecules still occurs 
and is mainly enthalpy (AH) driven. The change in Gibbs free energy (AG) for aggregation is 
almost temperature independent. This AH/AS compensation effect upon changing the 
temperature indicates that changes in the hydrogen bond network do not govern the 
aggregation. The hydrogen bond network of water seems to be hardly disturbed by the apolar 
solute. Furthermore, hydrophobic hydration is an enthalpically favorable process. A tangential 
orientation of the O-H bonds of the water molecules relative to an apolar surface is most 
favorable. Possibly, the reduced rotational freedom and a compression of the water molecules 
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in the hydration sphere, without the formation of new hydrogen bonds, contribute to the 
negative entropies of dissolution. The small size of water molecules makes that many water 
molecules are involved in the hydration spheres. Besseling and Scheutjens15a support the view 
that the hydrogen bond network has to stretch slightly in order to accomodate the intruder. In 
analogy to a polymer network this stretching will cost entropy. 
When the concentration of the solute increases, the hydration spheres start to overlap. This 
occurs when there is not sufficient water to complete the hydrophobic hydration spheres. This 
leads to a loss in hydrogen bonds and induces hydrophobic interactions. Consequently, the 
apolar molecules start to aggregate and London dispersion interactions between the apolar parts 
induce the formation of micelles or bilayer structures. The concentration at which aggregation is 
induced is called critical hydrophobic interaction concentration (chic).15b For amphiphiles this 
concentration is equal to the critical micelle concentration (cmc) or critical bilayer concentration. 
1.1.2 Aggregate morphology 
For amphiphiles the aggregate morphology is determined by very delicate attractive interactions 
between the hydrophobic parts and repulsive interactions between the hydrated headgroups. 
Very important are also the molecular packing constraints within the core of the aggregate.10 A 
qualitative prediction of the aggregate morphology of an amphiphile in water can be given using 
the so-called surfactant parameter, P, introduced by Israelachvili, Mitchell and Ninham.16 P is 
defined by the ratio between the volume of the hydrophobic moiety of the surfactant molecule 
(v = 27.5 + 27nc) and the product of the length of the tail (lc = 1.5 + 1.27nc) and the headgroup 
area of the surfactant ao (nc is the number of carbon atoms in the tail). This last quantity, ao, 
can be determined by experiments or be estimated. The P values are linked to a preferential 
molecule packing which then determines the aggregate morphology. Cone shaped molecules (P 
< 1/3) can easily pack to form aggregates with high curvatures like micelles whereas cylindrical 
molecules (P = 1) prefer to form flat bilayer structures. 
P = 
So'c 
spherical micelles 
worm-like micelles 
bilayers 
inverted micelles 
P<1/3 
1/3 < P < 1/2 
1/2 < P < 1 
P> 1 
cylinder 
Factors such as solvent ionic strength, temperature, degree of hydrogen bonding between the 
headgroups, headgroup hydration and hydrocarbon chain extension and unsaturation will all 
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affect the monomer shape. The influence of these factors cannot always be measured and is 
therefore not incorporated into the equation. 
The most popular model for micelles nowadays is the model proposed by Gruen17 (see Figure 
2). The micelle can be divided into two regions, namely the core of the micelle which contains 
the chains of the surfactant and the Stern layer in which the headgroups, part of the counter ions 
and water are located. Chain bending is allowed resulting in chain looping and partial exposure 
of the chain termini to the water. However, there is almost no water penetration into the micellar 
core. 
Double chained surfactants tend to form bilayer structures. The idea that lipids in a cell 
membrane are arranged in a bilayer was first proposed in 1925 by Gorter and Grendel.18 In 
1972 Singer and Nicolson19 proposed the fluid mosaic model in which the membrane is 
depicted as a fluid-like lipid bilayer containing freely diffusing proteins (see Figure 2). In 1977 
Kunitake and Okahata20 reported that the synthetic amphiphile didodecyldimethylammonium 
bromide would also form bilayer vesicles upon sonication in water. Since then the number of 
synthetic bilayer forming amphiphiles has increased enormously. 
Figure 2. Gruen's micelle (left) and the fluid mosaic model for a bilayer membrane (right). Taken from 
reference 22a. 
Like biomembranes these synthetic membranes exist in a gel phase (Lß) at low temperatures, 
with all trans rotamers in the alkyl chains. When the temperature is increased and exceeds a 
critical value which is characteristic for each amphiphile, the alkyl chains melt into the liquid 
crystalline phase (La) which contains some gauche rotamers.21'22 The temperature at which 
this transition occurs is defined as the phase transition temperature Tc. Generally, the Tc value 
decreases with decreasing chain length and increasing asymmetry of the alkyl chains.23-24 
Differential scanning calorimetry is an extremely suitable method to measure the phase 
transition temperature and enthalpy change. From the phase transition enthalpy the patch 
number25'26 can be calculated. The patch number is the number of monomers in the bilayer that 
undergo the phase transition simultaneously. 
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The formation of bilayer structures is not limited to the conventional amphiphiles. In the 1950s 
S. W. Fox reported that random thermal copolymerization of amino acids yields products 
which resemble proteins. These so-called proteinoids form cell-like spherules composed of 
bilayer membranes in water.27-31 According to the author these structures might have played an 
important role in the evolution of life. 
Besides normal micelles and bilayer vesicles a number of other lyotropic phases are known like 
rod-shaped micelles, inverted micelles, hexagonal phases and cubic and lamellar phases. A 
schematic representation of these phases is given in Figure 3. 
micelle inverted 
micelle 
rod-like 
micelle 
inverted rod-like 
micelle 
inverted 
. . _ hexagonal 
Igiant multilamellar vesicle phase 
large 
unilamellar 
vesicle 
flat micelle 
or bilayer fragment 
Wi'ffftVrVffrt 
ïiïiTi'iïiïi'rïfr 
MVAWAWa 
YiYiTiTiïiVrïrï 
WMrWAWM 
lamellar phase 
cubic phases 
Figure 3. Schematic representation of various lyotropic phases. Taken from ref. 49. 
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1.1.3 Krafft temperature 
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The temperature at which the surfactant 
solubility equals the critical aggregation 
concentration is called the Krafft temperature 
(Tier)- Just above this point the surfactant 
solubility increases rapidly and a homogeneous 
dispersion of surfactant aggregates is formed.10 
The Krafft phenomenon reflects the equilibrium 
between surfactants in solution and in hydrated 
crystals and can be regarded as the melting point 
of the hydrated crystals.32 Surfactant solutions 
below their TRT can remain in a metastable state 
for days before crystallization occurs. The TKT 
is determined by the packing of the molecules in 
a crystal lattice. Within a homologous series of 
surfactants TRT increases with increasing chain 
length and an odd-even effect has been observed.33'34 The TKT is also influenced by the choice 
of the counter ion and by branching or unsafuration of the alkyl chains. 
o-l T^ 
10 
l 
60 
monomers in water 
H 1 1 
20 30 40 e 
Temperature (CC) 
Figure 4. The Krafft phenomenon for 
surfactants. 
1.1.4 Vesicle formation and stability 
Literature overwhelmingly reports the spontaneous formation of thermodynamically stable 
vesicles.35-37 Most of these claims are, however, erroneous.38 When lipid films or surfactant 
crystals are hydrated the lamellae swell and grow into myelin structures which in general do not 
spontaneously detach from the crystal, with the exception of a few particles formed as the result 
of crystal imperfections. The energy needed for the formation of myelin structures is provided 
by the exothermic hydration reaction. The hydrated layers at the surface of the crystal however 
prevent the hydration of the molecules in the interior of the crystal. Only mechanical agitation 
provided by swirling, shaking or vortexing causes the bilayer tubules to break and to reseal the 
exposed hydrocarbon edges, and this results in the formation of (multilamellar) vesicles.39-40 
Without external energy input no vesicles will be formed. In order to produce smaller or uni-
lamellar vesicles, additional energy has to be dissipated into the system. This can be done 
mechanically (sonication, extrusion), electrochemically (changes of pH, ionic strength, surface 
potential etc.) or chemically (change of solubility conditions, dissolving or adsorbing molecules 
into the outer leaflet of the bilayers). The higher the energy input, the smaller and more 
numerous the vesicles become. This explains why different preparation procedures yield 
different size distributions of the vesicles. 
The vesicles so formed may be stable for months or years but they are not thermodynamically 
stable. With time passing they aggregate, fuse and eventually precipitate as stacks of flat, fully 
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hydrated bilayers, so-called flocculae. With every vesicle fusion the energy associated with the 
curvature of the membrane is halved. Eventually lamellar phases will be formed and vesicles 
can be regarded as high energy intermediates between the crystalline state and the fully hydrated 
lamellar phase. Spontaneous formation of thermodynamically stable vesicles is only possible in 
the case that a bilayer adopts a spontaneous curvature. For practically all single component 
bilayers this is not the case. 
Most vesicles are in a metastable state but locked in a kinetic trap. Vesicle aggregation is 
prevented, apart from entropy contributions, by mutual repulsive forces between the hydration 
spheres, thermal fluctuations of the bilayers and electrostatic repulsions (for ionic 
surfactants).41 Vesicle fusion can be induced by the addition of fusogenic agents, usually 
divalent ions. A prerequisite for induced fusion is however that the bilayer is in its liquid-
crystalline phase.42-43 
The stability of vesicles can be increased by using polymerizable amphiphiles and 
polymerization of the monomers in the vesicles.44 Also polymerizable counter ions have been 
used to prepare 'vesicles in a net'.45-47 The adsorption of polymers to vesicle surfaces can also 
increase their stability.44 
Vesicles have been proposed as vehicles for drug targeting. However, the utilization of vesicles 
for delivering encapsulated therapeutic agents is severely limited by the rapid removal of these 
particles from the blood stream by specialized phagocytic cells in the liver and spleen. When 
lipids which are modified with poly(ethyleneglycol) are incorporated into vesicles a steric 
barrier is formed outside the membrane. These so-called 'stealth vesicles' remain in the blood 
up to 100 times longer than conventional vesicles.48-50 
As stated before large vesicles are obtained when little energy is dissipated into the system. In 
this way so-called giant vesicles can be made. These vesicles can reach diameters up to 100 |J,m 
and can readily be observed by light microscopy. Didodecyldimethylammonium bromide is 
especially prone to the formation of these large structures. This finding led to the development 
of 'cytomimetic chemistry' by Menger et aZ.51~55 The giant vesicles exhibit a number of cell-like 
processes like osmotic activity, fission, fusion, endocytosis, birthing and foraging. Also 
autocatalytic self-reproduction of gaint vesicles has been reported.56 
1.1.5 Langmuir monolayers 
Molecular films at the water-air interface are denoted as Langmuir films. Using a trough with 
movable barriers allows manipulation of the film at the water-air interface and simultaneous 
recording of the so-called surface pressure-area (rc-A) isotherm. The surface pressure is defined 
as the difference between the surface tension of the pure subphase and the monolayer covered 
subphase. The monolayers are usually spread from volatile organic solvents. The different 
spreading kinetics of different solvents can influence the monolayer morphology.57 The general 
method to record 7t-A isotherms is to use a constant rate of compression. This implies that the 
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strain rate of compression increases during the experiment. It has been suggested that it would 
be better to use a constant strain rate of compression. Then differences between isotherms using 
different strain rates can be correlated with relaxation times of molecular processes in the 
monolayer.58 
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Figure 5. n-A isotherms for a compound with a strong (a,b,c) and a weak (d,e,f) headgroup repulsion 
at different temperatures. The temperature increases from left to right. The monolayer can be 
amorphous or crystalline. The crystalline domains have elastic properties at low temperature (a,d) and 
viscoelastic properties at more elevated temperatures (b,e). Taken from ref. 58b. 
The isotherms give information about the molecular cross-section and orientational behavior of 
the amphiphiles as well as about interactions with substances dissolved in the subphase. 
Depending on the available area per molecule, the temperature and composition of the 
subphase, and the nature of the compound the molecules in the. monolayer can be in different 
phases (Figure 5). At large molecular areas molecules with strong headgroup repulsions are in a 
liquid expanded phase. Upon compression the molecules adopt a liquid condensed or 
crystalline phase. This phase can, below a certain temperature, coexist with the liquid expanded 
phase over a certain range of molecular areas. When all molecules are in the condensed or 
crystalline phase the surface pressure increases steeply upon further compression. At high 
surface pressures the monolayer collapses. This collapse is often described as a cooperative 
folding over to generate an organized trilayer.59>60a After expansion and subsequent 
recompression of the monolayer the initial isotherm can be restored sometimes. 
Stable monolayers can often be transferred onto solid substrates by dipping the substrate 
vertically or horizontally through the monolayer. Commonly used substrates are glass and 
quartz slides, silicon wafers and mica. Upon vertical dipping of hydrophilic substrates (water 
meniscus points upward) the first monolayer is deposited in the receding mode, on 
hydrophobic substrates (water meniscus points downward) in the advancing mode. Depending 
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on the polarity of the substrate surface after deposition of each subsequent monolayer, three 
different multilayer assemblies can be obtained. 
X-type: head-to-tail arrangement with the headgroups pointing away from the substrate. 
Y-type: the molecules are arranged head-to-head and tail-to-tail. 
Z-type: head-to-tail arrangement with the headgroups pointing toward the substrate. 
The Y-type deposition is the most commonly observed deposition mode and yields the most 
stable multilayers. X- and Z-type multilayers often transform into Y-type structures due to 
molecular turnaround.601' So far only few monomeric materials have shown to give stable X- or 
Z-type structures. 
The organization of the monolayer at the water-air interface can be visualized by either 
fluorescence or Brewster angle microscopy. The molecular orientation of the molecules at the 
water-air interface and in the deposited films has been studied with polarized Fourier-transform 
infrared spectroscopy, UV-VIS absorption spectroscopy, X-ray diffraction and second 
harmonic generation. 
1.2 Thermotropic mesomorphism 
1.2.1 Thermotropic phase behavior 
Thermotropic liquid crystalline phases or mesophases are usually formed by rod-like (calamitic) 
or disk-like (discotic) molecules.61-63 The presence of a rigid core is essential and is therefore 
referred to as 'mesogenic unit'. The molecules in these phases have orientational order but 
reduced positional order. Globular compounds can form plastic crystalline phases. The 
molecules in these phases have positional order but no orientational order. 
Rod-like molecules can form smectic or (chiral) nematic phases (Figure 6). Disk-like molecules 
can form columnar discotic or nematic phases. The mesophase is called 'enantiotropic' if the 
mesophase is formed both upon heating the crystalline phase and upon cooling from the 
isotropic phase. Mesophases are referred to as 'monotropic' if they are solely formed upon 
cooling from the isotropic phase. Monotropic mesophases are therefore not thermodynamically 
stable and will crystallize sooner or later. 
In the nematic phase there is a high degree of order with regard to the orientation of the 
molecules although the molecules have rotational and translational freedom. The only difference 
with the isotropic phase is thus that the molecules are oriented with their long axes more or less 
parallel to each other. Between crossed polarizers the nematic phase is characterized by thread-
like, marbled or Schlieren textures (see Figure 7a). Upon cooling from the isotropic phase the 
nematic phase appears first as droplets.61 
According to the 'swarm hypothesis' proposed by Bose64 not all molecules in the nematic 
phase have the same orientation but they are grouped in aggregates or swarms. The molecules 
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within a swarm lie parallel to each other but in an orientation which is random with respect to 
molecules in other swarms. These swarms give rise to the typical patterns observed between 
crossed polarizers. The turbid appearance of the mesophase is attributed to light scattering 
caused by the swarms. The swarm hypothesis also explaines the strong orientational effect of 
electric and magnetic fields on the nematic phase. 
crystal smectic nematic isotropic 
Figure 6. Schematic representation of different thermotropic phases. 
The chiral nematic or cholesteric phase is a nematic phase that is composed of optically active 
molecules. As a consequence a spontaneous twist in the phase is induced about an axis normal 
to the preferred molecular direction. In racemates both enantiomers counteract each other which 
results in the formation of a normal nematic phase. If the nematic phase is doped with a small 
fraction of chiral molecules, a cholesteric ordering can be induced. The helical superstructure is 
responsible for some unique optical properties such as selective reflection of circularly polarized 
light and an optical rotation which is approximately 1000 times larger than for a normal 
optically active compound. 
Figure 7. (a) Nematic Schlieren texture, (b) smectic fan-shaped focal-conic texture viewed between 
crossed polarizers. 
Smectic mesophases have layered structures. The attractive forces between the layers are weak 
compared to the lateral attraction between the molecules. Therefore the layers can slide over one 
another quite easily. This gives the smectic phase fluid properties although it is usually more 
viscous than a nematic phase. Within these layers the ordering of the molecules is variable. In 
11 
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smectic A the molecules are oriented, on average, perpendicular to the layer plane but are 
irregularly distributed over the layer, without long range order. Smectic B differs from smectic 
A because the molecules are hexagonally packed. Smectic C resembles smectic A but the 
molecules are inclined with respect to the layer normal. A dozen more smectic phases have been 
identified. Between crossed polarizers the smectic A phase is characterized by a fan-shaped 
focal-conic texture. A homeotropically aligned (i.e. layers parallel to the supporting glass) 
smectic C phase shows Schlieren textures. Upon cooling from the isotropic phase a smectic 
phase appears first as bâtonettes.61 
The layer spacing can be determined by X-ray diffraction. When mesogens have large dipole 
moments the neighboring molecules can minimize their unfavorable dipole interaction by 
assuming an antiparallel orientation.61 
Discotic mesophases are formed by disk-like molecules which are arranged into columnar 
stacks. These columnar stacks are hexagonally packed. Also disordered nematic phases are 
found for disk-like molecules. 
1.2.2 Exciton coupling 
Excitons are mobile excited states in an molecular array of organic materials. In regularly 
ordered molecular arrays the excited state can hop from molecule to molecule without separation 
of the electron-hole pair (Frenkel exciton). Kasha developed a simple theory to explain exciton 
coupling in dimers.65"69 It explains qualitatively the observed spectral properties of dimers and 
higher aggregates. This theory is based on the assumption that the transition moment for an 
electronic transition can be considered to be localized in the center of a chromophore and has its 
polarization axis parallel to the long axis of the chromophore. The interaction between two 
molecules causes the excited state in the monomer to split into two states in the bichromophoric 
complex. If there is no direct overlap between the molecular orbitals of the chromophores, the 
exciton splitting energy is given by: 
Ma-Mb _ 3(M a r ) (M b r ) 
Eex — 
where Ma and Mb are the transition moments of the electronic excitations in the chromophores 
a and b respectively, r is the vector between the centers of two chromophores and r is its 
magnitude. Because the transition moment is a vector, the magnitude of the interaction depends 
not only on the distance r but also on the relative orientation of the chromophores a and b. The 
energies of the resulting two states relative to the monomer excited state (Em) are given by: 
E±=E m ±Eex + D 
where D is the dispersion or Van der Waals interaction energy. 
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For parallel transition moment dipoles the out-of-phase transition dipole arrangement 
corresponds electrostatically to a lowering of energy (E"). Because the transition dipoles cancel 
each other the transition to this lower energy level is forbidden. Only the transition to the higher 
energy level corresponding to the in-phase dipoles is allowed (E+). Parallel chromophore 
aggregation, also called H-aggregation, therefore results in a shift of the UV absorption 
maximum to lower wavelengths (blue shift) with respect to the monomer absorption maximum. 
For in-line transition dipoles the in-phase transition dipole arrangement corresponds to the 
lowest energy level and the out-of-phase arrangement to the highest level. This means that only 
the transition to the lowest energy level is allowed. This results in a shift of the UV absorption 
maximum to higher wavelengths (red shift). This type of aggregates is also called J-aggregates. 
The shift of the absorption maximum (in wavenumber Av) for an aggregate consisting of N 
monomers with respect to the monomer absorption is given by57: 
2 N-1 u2 ,.
 0 , . A v =
 to~N~73- (1-3cos2a) 
in which \i is the magnitude of the transition moment, r the magnitude of the center-to-center 
distance between the chromophores and a the angle between the chromophore long axes and 
the chromophore center-to-center line. 
monomer H-aggregate monomer J-aggregate 
Figure 8. Schematic representation of the exciton splitting of the excited state in a bichromophoric 
complex according to Kasha. 
Fluorescence always occurs from the lowest excited state level. Exciton fluorescence will thus 
be red shifted with respect to the monomer emission. Because the transition from the lowest 
excited level to the ground state is forbidden for H-aggregates, the fluorescence of these 
aggregates is considerably quenched. 
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1.3 Amphotropic mesomorphism 
1.3.1 General properties 
Liquid crystalline phases are characterized by a combination of specific ordering and mobility 
of the molecules in the system. Whereas in lyotropic mesophases this is induced by the solvent, 
the formation of thermotropic mesophases is caused by temperature induced mobility of form 
anisotropic molecules. Amphotropic molecules (oc|i.(pi = both, xperceiv = to align) are 
molecules which, because of their structure, can be ordered according to both principles. 
Amphotropic behavior has for example been observed for some phospholipids,7*^ alkylated 
monosaccharides71 and for amphiphilic metal salts.72 These compounds have the structure of 
normal amphiphiles but nevertheless show thermotropic mesomorphic behavior. 
amphiphile thermotropic liquid crystal 
AA/WAAT] J A / V W 
amphotropic liquid crystal 
Figure 9. Schematic representation of amphiphiles, liquid crystals and amphotropes. 
By the introduction of rod- or disk-like building blocks, which are typical of thermotropic 
liquid crystals, in amphiphiles the number of amphotropic compounds has increased 
considerably.73 An example of an amphotropic compound is compound l7 4 . In addition to 
being a thermotropic liquid crystal this compound forms a lyotropic lamellar phase (La) over 
the concentration range of 25-70 wt % of surfactant in water and a micellar phase (Li) at lower 
surfactant concentrations. Hexagonal (Hi) and bicontinuous cubic (Vi) phases were not 
observed. The similar but not amphotropic compound hexadecyltriethylammonium bromide 
however forms the phase sequence Li, Hi, Vi, L a on increasing surfactant concentration. The 
destabilization of the high curvature mesophases (Hi, Vi) by the bulky cyanobiphenylyloxy 
group obviously stems from the difficulty of packing to high density in these curved structures. 
Ç 2H5 
i c
" 0 - 0 ~ o ~ C i o H 2 o " i : ! : c 2 H 5 Br 
1 C2H5 
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If a rigid 7t-system and an alkyl chain are covalently bound in one amphotropic molecule, it is 
not clear a priori if this molecule will spontaneously assemble into a layered structure. In order 
to get stable layered assemblies of amphotropic molecules several conditions must be met.75-78 
The first condition is that the cross-sectional area of the aromatic part of the molecule should 
match with that of the alkyl part. If this requirement is not exactly met this can be compensated 
for by tilting or interdigitation of the alkyl chains or the aromatic units. The aromatic units tend 
to aggregate spontaneously in layers, usually forming herringbone structures. The alkyl chains 
also spontaneously assemble into layer structures which can be viewed as pseudohexagonally 
close-packed. The second condition is that the intra-assembly planes - the layered alkyl chains 
and the layered mesogens - will be commensurate, i.e. will have an epitaxial matching of the 
sublattices. The third condition is that the valence geometry of the bond between the aromatic 
part and the alkyl part must not perturb the cross-sectional match and epitaxy in the two 
dimensional layer. If one of these conditions is not met, one of the layers will be less close-
packed and ordered, and the system will not form stable layered structures. 
1.3.2 Bilayer properties 
Kunitake et al. investigated a great number of amphotropes of the type tail-mesogen-spacer-
headgroup with mesogenic units like biphenyl (BPh), azobenzene (Azo), diphenylazomethine 
(BB), benzylideneaniline (Benan) and salicylideneaniline (Salan). Cationic headgroups like 
trimethylammonium bromide and hydroxyethyldimethylammonium bromide were used (2 and 
3). Also anionic (phosphate), nonionic (polyoxyethylene) or zwitterionic (aminimide) 
headgroups were used.79 
CH, 
I 
+-Q *T 2 R = CH3 CH3(CH2)n.1—j X_J—(CH2)m N R Br 3 R = cH2CH2OH 
CH, 
BPh Benan 
Azo BB 
HO 
Salan 
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The compounds 3 with azobenzene units form stable bilayer structures when n = 12, 
irrespective of the spacer length m.80 When n < 6 no stable bilayers are formed, irrespective of 
m. For n = 10 with m = 5, 6, 8 and 10 and for n = 8 with m = 10 also bilayers are formed. The 
mode of molecular packing in the bilayer assembly is determined by the combination of the 
lengths of the spacer and the alkyl tail. As typical examples, the combination of the C12 tail and 
the C5 spacer produces a bilayer packing with tilted molecular orientation, whereas the 
combination of Cs tail and C10 spacer produces a parallelly interdigitated packing.81-82 The 
aggregation behavior of single chained ammonium amphiphiles containing benzilideneaniline 
and salicylideneaniline units is essentially identical to that of azobenzene containing 
amphiphiles.83-84 
The different modes of assembly are also reflected in the UV absorption maximum of the 
azobenzene units. As predicted by the molecular exciton theory of Kasha (see section 1.2.2) the 
tilted bilayers give rise to a red shift (J-aggregates) and the parallelly interdigitated bilayers (H-
aggregates) to a blue shift of the UV absorption maximum. 
Figure 10. interdigitated bilayer tilted bilayer 
For some of the bilayers the spectral shift changes at the phase transition temperature of the 
bilayer. This is attributed to reduced chromophore stacking in bilayers which are in their liquid-
crystalline state.80-83'84 When these bilayer dispersions are cast onto a solid substrate the 
chromophore stacking is maintained. These cast films possess regular multilayer structures.81 
Apparently, vesicular or lamellar aggregates in water are transformed into macroscopically 
extended bilayers parallel to the substrate surface. In these films the mesogenic units are thus 
oriented more or less perpendicular to the surface. Upon heating or upon exposure of these cast 
films to moisture the molecules undergo reversible crystal packing transformations.85'86 
When bilayer vesicles of C12AZ0C10N (2) are mixed with a large excess of vesicles of 
didodecyldimethylammonium bromide, the stacking of the chromophores is lost. This is 
monitored by the disappearance of the blue shifted absorption maximum and the appearance of 
the absorption maximum of the non-stacked mesogenic units. This phenomenon was attributed 
to a spontaneous fusion process of both types of bilayer vesicles resulting in mixed bilayers in 
which there is no stacking of the mesogenic units anymore.87 The exact mechanism of the 
fusion process was not elucidated but in a personal communication the author stated that he did 
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not mean a fusion process in the sense of two vesicles merging into one big vesicle but 
referred to a random mixing of amphiphiles. When bilayer aggregates of C^AzoCioN are 
sonicated with only a tenfold excess of didodecyldimethylammonium bromide vesicles, a part 
of the C12AZ0C10N molecules becomes monomerically dispersed in the 
didodecyldimethylammonium bromide matrix whereas the other part remains clustered. This 
phase separation equilibrium is strongly dependent on the physical state of the 
didodecyldimethylammonium bromide bilayer i.e. whether it is in the gel or liquid crystalline 
phase.87 
Extensive studies on the aggregation properties of trans stilbene and azobenzene containing 
amphiphiles have been performed in the group of David Whitten.88-96 The phosphatidylcholine 
derivatives 4 and 5 form bilayer structures in water.88"91 H-aggegrates are formed in 
compressed LB monolayers and in the bilayer aggregates. The similarity of the absorption 
spectra and the photophysics of LB films and of vesicles suggests similar aggregation of the 
stilbene units in both systems. Monte Carlo simulations show that the aromatic units of these 
amphiphiles most favorably pack in a herringbone structure H-aggregate. 
(CH2)p-COO—i 
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The chirality of the headgroup induces a chiral packing of the mesogens in the bilayer as is 
observed by the strong induced circular dichroism (ICD) for the vesicles of 4, 5 and 6. This 
chiral superstructure is lost upon isomerization of the trans mesogens to the eis form as is seen 
by the loss of the ICD.91 
A rapid monomer exchange equilibrium is established between aqueous dispersions of 4 or 5 
and dimyristoylphosphatidylcholine (DMPC) vesicles at room temperature.90 The absorption 
spectra recorded as a function of time show two isosbestic points suggesting that the H-
aggregates decompose directly into isolated chromophores due to the formation of mixed 
bilayers. 
For vesicles of 6 a larger aggregation number for the chromophores and a higher Tc was found 
than for vesicles of 7 and 8. This is attributed to a better packing of chromophores when the 
chromophores are more decoupled from the headgroup. 
The molecular packing in aggregates of 9 (with the 4,4' donor-acceptor substituents) is 
essentially the same as for the compound without these substituents.92 The dipole induced by 
these substituents may have been expected to have a significant effect on the two-dimensional 
packing and ordering of these molecules. This result however suggests that dispersive rather 
than electrostatic interactions are dominant aggregation forces for stilbenes incorporated in 
amphiphiles. 
1.3.3 Metal ion binding amphotropes 
The degree of phase separation of the amphotropic molecules 10 and 11 in a matrix bilayer of 
dihexadecyldimethylammonium bromide can be regulated by the addition of Cu2+ ions to the 
aqueous dispersion.97-98 By the binding of Cu2+ ions to the headgroups of compounds 10 and 
11 phase separation is induced. The metal ion binding can be monitored by the blue shifting of 
the UV absorption maximum due to the phase separation. These systems can be regarded as 
membrane based metal ion sensors. 
C H 3 ( C H 2 ) 5 - 0 - ^ V N ^ / = , ( Ï 
^ =
r
 %^Q-O-(CH2)10-R ,HN NS 
10 - R = - N NH2 11 
N NH 
-V 
Cur 2+ 
Figure 11. Phase separation induced by the binding of Ciß+ to the headgroup of the amphotropes. 
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The amphotropic compound 12 which has an o.o'-dihydroxyazobenzene unit as headgroup 
forms rod-like bilayer membranes in water. This mesogenic unit binds metal ions resulting in 
the formation of coordinatively polymerized bilayers." The binding of metal ions is 
accompanied by changes in the UV absorption spectrum and in the aggregate morphology. The 
Co(II) complex forms helical superstructures. 
S03H SO3H S0 3 H 
NHC12H25 N H C i 2 H 
25 
1.3.4 Effects of trans-cis isomerization 
When azobenzene mesogens are incorporated in amphiphiles, the lyotropic behavior of these 
compounds is strongly influenced by the trans-cis isomerization state of the azobenzene unit. 
The isomerization of Ci2AzoCnN (2) with n = 2, 4 and 10 is accompanied by a change in 
aggregate morphology. 10° The trans isomer forms globular bilayer aggregates in water with 
diameters of 20 nm. Upon irradiation with light of 366 nm the globular aggregates are 
transformed into short rods with diameters of 5-7 nm. Further irradiation at 450 nm restored 
the original globular morphology. 
0- N 
*
N HO 
366 nm 
450 nm 
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Trans-cis photoisomerization of similar azobenzene containing surfactants also increases the 
critical aggregation concentration and reduces the degree of counterion binding.15-16 This is 
attributed to a difference in aggregation mode of the trans surfactant and of the trans-cis 
mixture. The effects are most pronounced when the azobenzene unit is located in the middle of 
the molecule, were isomerization results in the most drastic change in the shape of the 
molecule. 
Incorporation of azobenzene containing amphiphiles in dimyristoylphosphatidylcholine 
(DMPC) and dipalmitoylphosphatidylcholine (DPPC) vesicle membranes results in membranes 
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whose permeability can be regulated by photoisomerization of the azobenzenes.101'102 These 
membranes can be regarded as simple model systems for photoreceptors in living systems. 
The rate of isomerization is very dependent on the physical state of the bilayer. It is faster in a 
liquid crystalline bilayer than in a rigid gel bilayer.103 In the liquid crystalline phase the so-
called frictional force against photoisomerization is smaller. 
1.3.5 Amphotrope-polyelectrolyte complexes 
Ionic surfactants and oppositely charged polyelectrolytes spontaneously form addition 
complexes which precipitate from aqueous solution. A highly cooperative zipper mechanism is 
usually observed which begins to operate already at very low concentrations and complexes 
with a 1:1 stoichiometry are usually observed.104 Recently, the solid state structure and 
material properties of these complexes have become focus of interest. It turned out that these 
complexes can easily be redissolved in organic solvents and cast to films of high homogeneity 
and mechanical stability. The lamellar bilayer structure is usually preserved in the bulk and the 
polymer acts as an external stabilizer.104-109 One might say that these complexes combine the 
ability of surfactants for self-organization with the excellent stability and mechanical properties 
of polymers. 
° *
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Complexation of amphotropic molecules with oppositely charged polyelectrolytes usually 
results in a stabilization of the liquid crystalline phase with respect to the uncomplexed 
molecule. Compound 13 for example is in a smectic phase from 40 to 170 °C whereas the 1:1 
complex with poly(vinylsulfonate) is smectic from 50 to 235°C.110 Amphotropic monomers 
which do not show a liquid crystalline phase by themselves have also been shown to form 
stable mesophases after complexation to polyelectrolytes.111 This forms a new concept in the 
design of polymeric liquid crystalline materials. 
1.3.6 Langmuir-Blodgett films 
Fukuda et al.112-113 performed a detailed study on the orientation of the chromophores in 
mono- and multilayers of azobenzenes containing one or two stearylamino groups at different 
positions of the aromatic system. It was found that the orientation of the azobenzenes depends 
on the number and position of the long chain substituents. 
The monolayer and multilayer properties of azobenzene containing long chain fatty acids 14 
have also been studied in detail.114-115 By the blue shifting of the UV absorption maximum of 
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the spread monolayers it was found that 8A3H and 8A5H and their barium salts undergo a 
liquid crystalline to gel phase transition upon compression of the monolayer. On the other 
hand, spread monolayers of 12A3H and 12A5H and their barium salts directly form H-
aggregates in the gel phase without a phase transition. The molecular ordering of 8A3H and 
8A5H in the transferred LB film was not as high as in the spread monolayer. For 12A3H and 
12A5H the molecules have the same degree of order in the spread monolayers and in the LB 
film irrespective of the number of monolayers.115 Polyion complexation of the monolayer can 
either modify or stabilize the structures in the monolayers.114»116 
14 R
- (3~ N * /=\ ,° 
N - ^ - o - ( C H 2 ) n ^ : o H 
8A3H R = C8H17, n = 3 8A5H R = C8H17, n = 5 
12A3H R = C12H25-0, n = 3 12A5H R = C12H25-0, n = 5 
Heesemann117'118 showed that for monolayers of compounds 15 and 16 the chromophores lie 
flat on the water surface at low surface pressures. The plateau region in the isotherms was 
attributed to a change of the orientation of the chromophore axis (horizontal to vertical) and an 
aggregation process of the chromophores (monomers to H-aggregates). 
The photoisomerization of the azobenzene moiety is usually more restricted in condensed 
monolayers or LB films119-120 than in bilayer structures. Efficient isomerization in LB films is 
found when the azobenzene unit has enough space to isomerize. Compound 17 can efficiently 
be isomerized in a LB film because the cross section of the two alkyl tails is larger than for the 
azobenzene unit giving it enough space to isomerize.120 The monoalkyl analog of 17 resists 
isomerization in LB films. Monolayers of 18 (n = 20) mixed with DMPA 
(dimyristoylphosphatic acid) also give efficient photoisomerization because the azobenzenes 
stick out above the DMPA molecules and thus have much freedom.121"123 
15 «Nx 
o 
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Compound 18 with n = 6, 12 or 14 and (TCNQ)2~* (bis-tetracyanoquinodimethane radical 
anion) as counterion forms conducting LB multilayers whose conductivity is influenced by the 
isomerization state of the azobenzene unit.124 This is a typical example of a light induced 
molecular switch. 
CH3(CH2>i7\NJLpy_N 
CH3(CH2)17/ \ = / ~ \ _ Ç \ 
17 ^ ' 
CH3(CH2)8—0-/~^\-N^ /=K + / _ 
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The orientation of the azobenzene containing molecules in the LB films can be influenced by 
irradiation of the films with (polarized) UV light of 366 nm. It is known that azobenzene units 
which are dispersed in or covalently bound to a matrix material will reorient themselves to an 
orientation perpendicular to the plane of polarization of the incident light.125-130 This is due to a 
so-called photoselection process. The azobenzenes which are excited undergo reversible trans-
cis isomerizations resulting in a random reorientation of these molecules. When however the 
trans molecule happens to lie perpendicular to the plane of polarization (or parallel to the 
propagation direction) of the incident light, the azobenzene will not be excited anymore because 
there is no overlap between the electrical vector of the light and the transition moment of the 
azobenzene. Therefore irradiation with polarized light results in a macroscopic anisotropy. 
Ci8H37-NH-(^yNvS / = \ 
19
 N H Lr c N 
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For LB films of azobenzene containing amphiphiles another mechanism for the light induced 
orientational changes has been proposed. When LB films of 19 are irradiated with 
nonpolarized light of 336 nm the molecular axes evade massively toward the surface normal 
accompanied by drastic structural changes of the film.131 This phenomenon was attributed to a 
dissipation of the excitation energy as thermal energy. The rearrangement would thus be 
facilitated by a local melting of the film and the surface free energy would be the driving force. 
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When LB films of 20 are irradiated in an electrical field, macroscopically polar films are readily 
obtained.132 
1.3.7 Second harmonic generation 
It has been well established that mesogens containing an electron donor and acceptor attached to 
a 7t-conjugated system have a permanent dipole and a large second order hyperpolarizability 
coefficient. If these mesogens can be arranged in a non-centrosymmetric fashion, materials 
with high second order non-linear susceptibility can be obtained. One of the manifestations of 
the non-linear interaction of light with matter is Second Harmonic Generation, SGH (the 
emitted light has twice the frequency of the incident light). The rapid growth of the field of 
optoelectronics in recent years has set off an intensive effort in searching for better non-linear 
optical materials. For non-chiral molecules only Langmuir-Blodgett films deposited in the X- or 
Z-mode (head-to-tail) have the natural potential for a non-centrosymmetric structure.133 
Unfortunately Y-type deposition usually occurs. In addition X- or Z-type deposition usually 
leads to an Y-type multilayer structure due to molecular turnaround.134 
C i 8 H 3 7 - N H - ( ^ y N s N / = v NHv> 
;
 12H25-NH-(~yN. °2N)=X Cu „
 x , . . , , _ x 
-COOH 
22 
O o coo" 
/=\ II II / 
Q2N—£ > -NH— (Chyn-C-NH-tCHzJu-C-NH-tCHzln-CH 
NH3 
23 
So far only a few monomelic materials have been reported to produce genuine X- or Z-type 
multilayers. In 1983 Aktsipetrov et a/.135-137 published the first paper on second harmonic 
generation from polar LB multilayers using compound 21. Ledoux138 and Loulergue139 used 
compound 22 which has improved amphiphilic properties due to the addition of a carboxylate 
headgroup (which is also an electron acceptor group). Popovitz-Biro et a/.140-141 reported 
excellent non-centrosymmetric Z-type deposition for compound 23 with an impressive 
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quadratic dependence of the SHG signal on the number of layers. They used a p-nitroaniline 
group at the end of the alkyl group in order to stabilize the Z-type multilayer by head-to-tail 
hydrogen bonding. Ashwell et al.143 showed that addition of a second hydrophobic endgroup 
to the hydrophilic chromophore (compound 24) reduces the tendency of the molecules to invert 
during deposition and Z-type structures can readily be obtained for films containing more than 
100 layers. Non-centrosymmetric LB films have also been obtained from polymers bearing 
pendant mesogenic units or from alternating multilayers which were prepared using a special 
trough. 
1.4 Outline of the thesis 
As shown in paragraph 1.3 a great number of amphotropic compounds has been synthesized 
and investigated over the last decades. Nevertheless, many aspects of the aggregation behavior 
of these compounds are not well understood today. 
The scope of this thesis is to obtain a better understanding of the aggregation behavior of these 
compounds. This has been done by the design and synthesis of a series of structurally related 
novel amphotropes. These compounds have been investigated for their thermotropic phase 
behavior and their aggregation behavior in water and at the water-air interface. Focus of interest 
have been amphotropes with ammonium headgroups and some well known mesogenic units at 
the termini of the hydrophobic chains. Three classes of novel amphotropes have been 
synthesized i.e. single chained, double chained and triple chained compounds. When possible, 
applications of these compounds have been pointed out. 
Chapters two and three deal with the single chained amphotropes. In Chapter two the effects of 
different mesogenic units based on biphenyl, stilbene and azobenzene on the thermodynamics 
of aggregation in water are described. Also the formation of ion-pair amphiphiles with sodium 
dodecylsulfate is studied. Chapter three describes the binding of metal ions by an ammonium 
amphiphile carrying an o-hydroxyazobenzene mesogenic unit. 
The Chapters four to nine deal with the double chained amphotropes. In Chapter four the 
bilayer forming properties of amphotropes with one mesogen are reported. The effects of the 
nature and the dipole moment of the mesogen on the gel-to-liquid crystalline phase transition 
temperature have been investigated. Chapter five describes the properties of cationic and 
anionic amphotropes with two 4-cyanobiphenylyl-4'-oxy mesogenic units. In Chapter six the 
mesogenic units are used as probes to study the molecular ordering of the molecules in the 
bilayers upon the introduction of polymerizable groups in the amphotropes and subsequent 
polymerization of the bilayers. In Chapter seven the mesogenic units are used as intrinsic 
probes to study the monomer transfer between bilayer vesicles and the solubilization of these 
bilayers into micelles. In Chapter eight the effects of the relative orientation of the dipoles of the 
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mesogens within the molecule on the aggregation behavior is subject of discussion. Chapter 
nine deals with complexes of poly(acrylic acid) with didodecyldimethylammonium bromide and 
with different amphotropes. Finally, Chapter ten deals with the triple chained amphotropes. 
The formation of monolayers at the water-air interface by these compounds with different 
mesogenic units and the molecular ordering in Langmuir-Blodgett films is investigated. The 
thesis is concluded with a Summary of the most relevant results and conclusions. 
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Single chained amphotropes: 
Effects of incorporation of mesogenic 
units in ammonium amphiphiles 
Chapter 2 
Abstract 
A number of novel single chained ammonium amphiphiles with 
biphenyl, stilbene and azobenzene mesogenic moieties at the terminus 
of the hydrophobic tail have been synthesized. These compounds form 
micellar aggregates in water. The critical aggregation concentration (cac) 
decreases from the biphenyl to the stilbene to the azobenzene containing 
amphiphiles. This decrease in cac does not correlate with increased 
hydrophobicity or dipole moment, but correlates with increasing 
enthalpic contributions. These are attributed to favorable n—n stacking 
interactions between the mesogenic units. 
These amphiphiles readily form 1:1 complexes with sodium dodecyl-
sulfate. These so-called ion-pair amphiphiles form unstable bilayer 
vesicles. 
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2.1 Introduction 
In the early 1980s a new class of compounds was introduced which combined the structural 
features of amphiphiles and thermotropic liquid crystals. These molecules are composed of a 
polar headgroup, one or more hydrophobic chains and a mesogenic unit incorporated in the 
hydrophobic part. The mesogenic unit usually consists of a rigid aromatic group and owes its 
name to its capability to induce thermotropic liquid crystalline phases or mesophases. Being 
also amphiphiles, these compounds show lyotropic mesomorphism when dispersed in water. 
The unique combination of amphiphilic and thermotropic properties is expressed in their name 
of amphotropic compounds. 
The lyotropic behavior of a series of amphotropes was first investigated by Kunitake et aZ.1-8 
They focused on single chained compounds of the type head-spacer-mesogen-tail. Later, many 
researchers applied amphotropic compounds in the field of Langmuir-Blodgett technology.9-16 
Thin films of these compounds are promising photochromic materials for optical information 
storage, light induced switches and non-linear optical devices. Since then, many amphotropic 
monomers and polymers17'18 have been designed, synthesized and investigated for their 
physical properties. 
However, to date little is known about the effect of the nature of the mesogenic units on the 
lyotropic mesomorphism of these compounds. We have therefore synthesized a series of novel 
single chained ammonium amphiphiles with different chain lengths and different mesogenic 
units attached at the termini of the alkyl chains. 
Critical aggregation concentrations in water have been measured and thermodynamic parameters 
for the aggregation process have been calculated. Also the formation of ion-pair amphiphiles 
using sodium dodecylsulfate as the second component was investigated by UV spectroscopy 
and light microscopy. 
2.2 Results and discussion 
The synthetic pathway and molecular structures of the investigated amphotropes are given in 
Scheme 1. The composition and purity of the compounds was checked by 200 MHz ÏH NMR, 
thin layer chromatography and elemental analyses. Most compounds contained 0.5 or 1 mol of 
crystal water. The thermotropic phase behavior of these compounds is very complicated and 
often not unequivocal. This may be caused by the presence of different crystal packing modes, 
exhibiting different melting points. The additional presence of mesophases further complicates 
elucidation of the thermotropic phase behavior. Also the bound crystal water is believed to 
influence the phase behavior. 
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Scheme 1. Synthetic pathway and structures of compounds 2a-e. 
2.2.1 Lyotropic aggregation behavior 
The compounds 2a-e readily dissolve in water upon heating. The compounds 2a-d form 
micellar aggregates in dilute solutions above their Krafft temperature. No bilayer structures 
were observed upon microscopic investigation of the solution. This is in line with the results 
found by Shimomura et al.4 in their investigation of molecules of the type headgroup-decyl 
spacer-azobenzene-tail. They found that when the tail was shorter than 8 carbon atoms no stable 
bilayers but micelle-like structures were formed. The stilbene containing compounds 2e 
(n=10,12) however, form giant bilayer vesicles which can readily be observed by optical 
microscopy. This shows that very subtle changes in the molecular structure can result in 
dramatic changes of the aggregate architecture. 
The Krafft temperatures of the compounds 2a-e are all found in the range of 45-65 °C. At 
room temperature the stability of the undercooled aqueous dispersions varies from several 
minutes to several hours before crystallization is observed. Although the dispersions are meta-
stable at room temperature, it is possible to determine critical aggregation concentrations (cac) at 
room temperature. The cac values at 20 °C are given in Table 1. From the critical aggregation 
concentration the change of standard Gibbs free energy for aggregation (AG°agg) can be 
deduced. According to the 'phase separation model'19-21 which assumes 100% of counterion 
binding, AG°agg of a monovalent ionic surfactant, in the absence of added electrolyte is given 
by: 
AG°agg = 2RTIn(cac) (1) 
34 
Single chained amphotropes 
where R is the gas constant and T the absolute temperature. The cac values are expressed in 
dimensionless mole fraction units. Figure 1 shows the plot of AG°agg versus the number of 
methylene units in the spacer for compounds 2a-e. Data of n-alkyltrimethylammonium 
bromides are also displayed.22'23 It is clearly seen that substitution of a terminal methyl group 
with a mesogenic unit drastically lowers AG°agg. 
Table 1. Critical Aggregation Concentrations for2a-e and Alkyltrimethylammonium Bromides 
(Cn+1TAB) at293Kin water. 
Compound 
C n + l T A B b 
2a 
2b 
2c 
2d 
2 e 
n* 
9 
11 
13 
10 
12 
10 
12 
10 
12 
10 
12 
10 
12 
cac (mM) 
65 
15.3 
3.60 
0.70 
0.28 
0.64 
0.27 
0.27 
0.05 
0.26 
0.53 
0.14 
a
 nis the number of methylene units in the alkyl chain 
13
 data taken from ref. 24 
When Figure 1 is examined in more detail it is seen that of all amphiphiles those with the 
azobenzenes have the lowest cac's and the most negative AG°agg values. The biphenyl 
mesogens give rise to the highest cac values. Furthermore, it is seen that substitution of the 
cyano group by a nitro group in both the biphenyl and the azobenzene mesogens hardly 
influences the AG0agg. From the slope of AG0agg versus the number of methylene units AG°cH2 
for these molecules can be calculated and is approximately -2.8 kJ/mol. This value is in good 
agreement with values reported for single chained amphiphiles of -2.7/-3.0 kJ/mol.24>25 
AG°agg can be considered as composed of a summation of contributions from the various units 
which make up the amphiphile. If we take AG°cH2 and AG°headgroup identical for both the 
mesogen containing compound and the alkyltrimethylammonium bromide, the difference in 
AG°agg between a mesogen containing compound and the alkyltrimethylammonium bromide 
with the same number of methylene units can be expressed as (AG°mes)-(AG°cH3)- A(3°CH3 is 
the change of Gibbs free energy associated with transfer of the methyl group from the aqueous 
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phase to the interior of the aggregate. The value of AG°cH3 has been reported to be -9.6 
kJ/mol24'25. Using this method the contribution to the change of standard Gibbs free energy for 
aggregation of the mesogenic units (AG°mes) can be calculated and the values are given in Table 
2. 
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Figure 1. Plot ofAG°agg (kJ/mol) at 293 K versus the number of methylene units in the alkyl spacer 
(n) for compounds 2a (Q), 2b (+), 2c (O), 2d (X), 2e (A) and alkyltrimethylammonium bromides (•). 
We have tried to correlate these results with the hydrophobicity of the mesogens. The 
hydrophobicity of each of the mesogens can be estimated using Rekker's hydrophobic 
fragmental constants (Xfj)26 and the values are given in Table 2. This value is expected to 
predict the partitioning of a molecule in a water-octanol system. It turns out that the 
hydrophobicity increases from azobenzene to biphenyl to stilbene. This does not correlate with 
our observations. It is therefore concluded that hydrophobicity is not the only driving force for 
this aggregation process. 
Table 2. Calculated Dipole Moments, Hydrophobicity Values (Zf/)26 and Calculated Free Energy 
Change of Aggregation of the Mesogens a-e (AG°mes). 
Mesogen 
RO 
a 
b 
c 
d 
e 
D pole moment 
(Debye) 
4.1 
6.0 
4.4 
6.8 
4.4 
Efj 
3.1 
3.3 
1.1 
1.2 
3.6 
AG° m e s (kJ/mol) 
-27 
-27 
-33 
-33 
-28 
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Because all the investigated mesogens are donor-jc-acceptor systems they have a permanent 
dipole. In order to investigate if electrostatic dipole-dipole interactions could dominate the 
observed aggregate stability, the dipole moment values of the mesogenic units a-e (in vacuum) 
were calculated by semi-empirical computer calculations and the results are also given in Table 
2. It is clear that substitution of a cyano group by a nitro group increases the dipole moment 
drastically. This is due to the fact that the nitro group is a stronger electron acceptor than the 
cyano group. When going from the biphenyl system to the stilbene system, while maintaining 
the same donor-acceptor pair, the dipole moment increases slightly because of the increased 
distance between donor and acceptor group. The stilbene unit and the azobenzene unit have 
practically the same dipole moment because they have almost the same geometry. 
Experimentally, it is found that substitution of a cyano group by a nitro group only slightly 
affects the cac. Substitution of the stilbene unit by an azobenzene unit, while keeping the same 
donor-acceptor pair, has a large influence on the cac, although the magnitude of the dipole 
moment remains the same. It is therefore concluded that the dipole moment of the mesogens 
does not dominate the aggregate stability. 
Because neither the hydrophobicity of the mesogens nor the dipole-dipole interactions between 
the mesogens could account for the observed aggregate stabilities, additional experiments have 
been performed to elucidate the type of interactions that dominate the aggregation behavior. In 
principle, determination of AG°agg from cac values as a function of temperature leads to the 
enthalpy (AH0agg) and the entropy (AS°agg) of aggregation. These latter terms can provide 
insight into the physical nature of the aggregation process. Hydrophobic aggregation is often 
associated with a large positive entropy change due to solvent disordering effects. On the other 
hand, physical attraction between molecules results in a favorable, negative enthalpy change 
upon aggregation.27 Therefore, the cacs of the compounds 2b, 2c and 2e were measured in 
the temperature range between 20° and 45°C. For all measured compounds an increase in cac 
was found with increasing temperature (Table 3). Equation (1) can be rewritten to give equation 
(2)-27 
AG°agg/T = 2Rln(cac) = (AH°agg/T) - AS°agg (2) 
This first order model neglects heat capacity changes (ACp=5AH/oT=0)23'25 and gives only a 
rough estimate of AH°agg. AH°agg has been obtained from the slope of a plot of 2Rln(cac) 
versus 1/T (Figure 2). Some literature data of n-dodecyltrimethylammonium bromide and n-
hexadecyltrimethylammonium bromide are also displayed.23 It is clearly observed that the 
slopes for the compounds 2b, 2c and 2e are steeper than for the alkyltrimethylammonium 
bromide compounds, reflecting a more favorable AH°agg. Furthermore, AH°agg becomes more 
favorable upon going from the biphenyl to the stilbene to the azobenzene containing compound, 
corresponding with the decrease in cac. It is therefore concluded that favorable enthalpic 
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interactions, which are stronger for the azobenzene mesogens than for the stilbene or biphenyl 
units, play an important role in determining the aggregate stability. 
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Figure 2. Plot of 2Rln(cac) versus 1/T for compounds 2b (0),2c (A)and 2e (•) with n= 12andforn-
dodecyltrimethylammonium bromide (•) and n-hexadecyltrimethylammonium bromide (•). The values 
of the slopes are given in the plot in kJ/mol. 
Possibly, jwt stacking of the mesogens in the formed aggregates is an important driving force 
for aggregate formation. Such stacking interactions have been described as a form of Van der 
Waals interactions between aromatic units.28 When aromatic units are depicted as positively 
charged a-skeletons sandwiched between negatively charged 7t-electron clouds, mutual 
attraction between the a-skeleton of one molecule with the 7r-electron cloud of an adjacent 
molecule can compensate the repulsion between the 7t-electron clouds. Therefore, the 
aggregated state represents a free energy minimum.29 This means that azobenzene mesogens 
give better JC-Jt stacking than biphenyl or stilbene mesogens, resulting in a more negative 
stacking enthalpy and consequently in a more negative AG°agg. Possibly, the polarizability of 
the azo-bridge contributes to the stabilization of the aggregate through dispersion interactions. 
Our results also agree with calculations performed by Hunter30 who found that hetero atoms in 
an aromatic compound can cause large partial atomic charges which can lead to additional 
intermolecular electrostatic interactions. This indicates that local dipoles within the aromatic 
system can favor aggregation, whereas the net dipole moment of the whole aromatic system 
does not dramatically affect the aggregation behavior. 
The biphenyl mesogens a and b have a AG°mes of -27 kJ/mol (Table 2). For a pentyl group, 
which has the same calculated hydrophobicity as the biphenyl mesogen using Rekker's 
hydrophobic fragmental constants, a AG°agg value of approximately -21 kJ/mol can be 
deduced. This means that the aggregate stabilizing effect of the biphenyl mesogen can mainly be 
ascribed to the hydrophobicity of this unit and that the stacking interactions are only somewhat 
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stronger than the London-dispersion interactions between pentyl chains. Similar results are 
found for the stilbene mesogen. 
The azobenzene mesogens have a AG°mes of -33 kJ/mol. This mesogenic unit however, is 
much less hydrophobic than the biphenyl or the stilbene mesogens. Therefore hydrophobicity is 
not expected to dominate the aggregate stabilizing effect of azobenzenes. This comfirms that 
stacking or dispersion interactions play an important role in the aggregation of azobenzenes. 
Table 3. Critical Aggregation Concentrations of Compounds 2b, 2c, and 2e (n=12) and n-Dodecyl-
trimethylammonium Bromide (C12TAB) and rhlHexaaecyltrirnethylammomium Bromide (CißTAB) at 
Different Temperatures. 
Compound 
2b (n=12) 
2c (n=12) 
2e (n=12) 
C12TAB3 
C16TAB3 
Temperature (K) 
293 
298 
303 
308 
313 
318 
293 
298 
303 
308 
313 
318 
293 
298 
305 
313 
318 
291 
298 
303 
313 
323 
298 
303 
313 
323 
cac (mM) 
0.27 
0.31 
0.35 
0.39 
0.43 
0.48 
0.05 
0.07 
0.09 
0.13 
0.18 
0.30 
0.14 
0.17 
0.28 
0.37 
0.40 
5.40 
5.27 
5.33 
6.40 
8.28 
0.82 
0.87 
0.95 
1.05 
a
 Data from ref. 23. See also ref. 31 
2.2.2 Ion-pair amphiphiles 
As it turnes out that mesogenic units can stabilize aggregates of single chained amphotropes, the 
question arose whether they can also stabilize aggregates of ion-pair amphiphiles (IPAs). Single 
chained cations that are paired with single chained anions represent a novel class of bilayer 
forming surfactants. Ion-pair amphiphiles have been proposed as interesting materials for both 
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Figure 3. Possible bi-
layer structure of an IPA. 
theoretical investigations and practical device applications. 
Several studies have been performed on IPAs of 
alkyltrimethylammonium bromides with sodium dodecylsulfate 
(SDS)32"34 and with fatty acids.35-36 
The geometry of a surfactant molecule is believed to play a crucial 
role in defining its aggregation properties.37 Conical-shaped 
molecules pack most comfortably into spherical aggregates. In 
contrast cylindrical-shaped surfactants prefer to assemble into 
bilayers. 
It is reasoned that the effective interfacial headgroup area of each 
partner of an IPA should be substantially smaller than for each 
individual surfactant, due to electrostatic attraction between the headgroups and due to a 
reduction of hydration. The overall effect is an increase in the cylindrical character of each ion. 
This contributes to the formation of bilayer structures. 
For the single chained compounds 2a-e the formation of a 1:1 complex with SDS can be 
followed very nicely with UV spectroscopy. Figure 4 shows the spectral changes upon addition 
of SDS to a solution of 2c. The first spectrum shows monomerically dispersed 2c, under its 
cac. Upon addition of SDS the absorption maximum shifts from 363 nm to 340 nm due to 
parallel stacking of the chromophores in the newly formed aggregates. The intensity of the 
absorption band also decreases. The spectrum continues to change until a 1:1 composition is 
reached. Upon addition of a large excess of SDS no further spectral changes occur. This means 
that the formed aggregates are not solubilized by an excess of SDS, which presumably forms 
separate micelles. A possible molecular arrangement in the IPA aggregate is given in Figure 3. 
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1 1 1 1 1 1 -
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Figure 4. Changes in the UV absorption spectrum of an aqueous solution of 2c upon addition of 
sodium dodecylsulfate (top to bottom). 
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Figure 5. Giant vesicle of an IP A oi 2a and SDS. 
Upon hydration of solid 2a and 2b in a SDS solution at 60 °C the formation of giant liposomes 
was observed with optical microscopy (see Figure 5). These liposomes are not stable at room 
temperature and tend to crystallize very soon after preparation. Upon hydration of 2c, 2d and 
2e in a SDS solution no formation of giant liposomes was observed. 
2.3 Conclusions 
A series of novel amphotropes has been synthesized and their aggregation behavior in water has 
been investigated. The single chained compounds 2a-d form micellar aggregates upon heating 
in water, in contrast to 2e (n=10 or 12) which forms bilayer vesicles. From the decrease of the 
critical aggregation concentration (cac) it was deduced that the aggregate stability increases from 
biphenyl to stilbene to azobenzene containing amphotropes. This sequence does not correlate 
with the hydrophobicity as quantified by Rekker's hydrophobic fragmental constants, nor with 
the dipole moments of the mesogens. From temperature dependent cac determinations it was 
concluded that the aggregate stability is determined by hydrophobic interactions and favorable 
enfhalpic interactions, which are attributed to n-n stacking interactions between the mesogens 
in the aggregate. The Jt-7t stacking interaction contribution increases from biphenyl to stilbene 
to azobenzene explaining the excellent aggregate stabilizing properties of azobenzene. 
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Addition of SDS to the single chained amphotropes 2a and 2b induces the formation of bilayer 
vesicles by the formation of ion-pair amphiphiles. However, these bilayer structures are not 
very stable and crystallize soon after preparation. 
2.4 Experimental section 
2.4.1 Synthesis 
4'-Cyano-4-hydroxybiphenyl (a) was obtained from Merck. 
4-Hydroxy-4'-nitrobiphenyl (b) was synthesized as described before.".16 
4'-Cyano-4-hydroxyazobenzene (c) and 4-hydroxy-4'-nitroazobenzene (d) were prepared by reaction of the 
diazonium salts of 4-nitroaniline or 4-aminobenzonitrile with phenol.™ 
4'-Cyano-4-hydroxystilbene (e) was synthesized in a two step reaction. 5 g (20 mmol) of p-bromophenylacetic 
acid and 2.5 g (20 mmol) of p-hydroxybenzaldehyde together with 3 mL of piperidine were heated at 110 °C for 3 
h followed by heating at 160 °C for 4 h. The reaction mixture was treated with water and the precipitate was 
collected. The reaction product 4'-bromo-4-hydroxystilbene was purified by column chromatography on silica gel 
using dichloromethane as eluent (yield 55%). 
A mixture of 3 g (11 mmol) of 4'-bromo-4-hydroxystilbene and 2.2 g of CuCN was refluxed for 15 h in 10 mL 
of dry DMF. The mixture was allowed to cool and a solution of 4 g of FeCl3.6H20 and 2.5 mL of concentrated 
HCl solution in 10 mL of water was added. This mixture was heated at 70 °C for 25 minutes. The reaction 
mixture was then extracted with CHCI3. The CHCI3 layers were washed with 5 M HCl solution and with 
NaHCC>3 solution and dried on MgS04. The solvent was removed under reduced pressure and water was added to 
the residue. The crystalline precipitate was collected and purified by column chromatography on silica gel using 
methanol/CHCl3 (1:100) as eluent (yield 73%). 
1-Bromo-co-RO-alkane (la-e) 
A mixture of 25 mmol of the appropriate phenol (a-e) and 50 mmol of 1 ,u)-dibromoalkane and 50 mmol 
K2CO3 in 100 mL of 2-butanone was refluxed for 16 h. The salt was removed by filtration and the filtrate was 
concentrated by evaporation of the solvent. The product was purified by column chromatography on silica gel 
using petroleum ether (bp. 40-60 °C)/CH2Cl2, 1:1 v/v as eluent (yield 60 %). 
iH-NMR (CDCI3, TMS, 8, ppm); 1.40 (m, 2n-8 H, -(CH2)n-4"X 1-80 (m, 4 H, Br-CH2-CÜ2-, RO-CH2-
CÜ2-), 3.40 (t, 2 H, Br-CH2-), 4.00 (t, 2 H, RO-CH2-), 7.00 - 8.30 (m, 8 H, Ar-H). 
Mp: la (n=10) 75 °C, la (n=12) 78 °C, l b (n=10) 80 °C, l b (n=12) 84 °C, lc (n=10) 102 °C, lc (n=12) 105 
°C, Id (n=10) 85 °C, Id (n=12) 90 °C, le (n=10) 95 °C, le (n=12) 99 °C, 
N-((0-RO-alkyl)-iV,W,iv-trimethylammonium bromide (2a-e) 
A solution of 0.8 mmol of the bromide (la-e) in 6 mL of a 20% (w/w) solution of trimethylamine in ethanol 
was heated at 100°C for 20 h in a closed reaction vessel. The mixture was allowed to cool to room temperature 
and was then thoroughly cooled in ice. The precipitate was collected by filtration and washed with diethyl ether 
(yield 90%). 
! H - N M R (CDCI3, TMS, 6, ppm); 1.40 (m, 2n-8 H, -(CH2)n-4-). 1-80 (m, 4 H, N-CH2-CÜ2-, RO-CH2-CÜ2), 
3.4 (m, 11 H, N-(CH3)3, -CH2-N), 4.00 (t, 2 H, RO-CH2-), 7.00 - 8.30 (m, 8 H, Ar-H). 
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la (n=10) Mp. 163 °C. Anal. Calcd for C26H37N20Br (0.5 H2O): C, 64.61; H, 7.93; N, 5.80, Found: C, 
64.67; H, 7.83; N, 5.90. la (n=12) Mp. 163 °C. Anal. Calcd for C28H4iN20Br (0.3 H2O): C, 66.33; H, 
8.27; N, 5.53. Found: C, 66.37; H, 8.26; N, 5.80. l b (n=10) Mp. 151 °C. Anal. Calcd for C25H37N2C-3Br 
(3.3 H2O): C, 54.03; H, 7.95; N, 5.07. Found: C, 54.11; H, 7.09; N, 5.34. lb (n=12) Mp. 128 °C. Anal. 
Calcd for C27H4iN203Br (0.9 H2O): C, 60.30; H, 8.02; N, 5.21. Found: C, 60.32; H, 7.74; N, 5.20. l c 
(n=10) Mp. 189 °C. Anal. Calcd for C26H37N40Br (1 H2O): C, 60.11; H, 7.57; N, 10.79. Found: C, 60.15; 
H, 7.13; N, 10.81. lc (n=12) Mp. 194 °C. Anal. Calcd for C28H4iN40Br (1.1 H2O): C, 61.21; H, 7.93; N, 
10.20. Found: C, 61.13; H, 7.47; N, 10.22. Id (n=10) Mp. 205 °C. Anal. Calcd for C25H37N403Br (2.3 
H2O): C, 53.34; H, 7.45; N, 9.95. Found: C, 53.28; H, 7.35; N, 9.74. Id (n=12) Mp. 218 °C. Anal. Calcd for 
C27H4iN4Û3Br (1,6 H2O): C, 56.07; H, 7.70; N, 9.69. Found: C, 56.05; H, 7.41; N, 9.72. le (n=10) Mp. 
185 °C. Anal. Calcd for C28H39N2OB1:: C, 67.33; H, 7.81; N, 5.61. Found: C, 67.42; H, 7.85; N, 5.71. l e 
(n=12) Mp. 190 °C. Anal. Calcd for C3oH43N2OBr: C, 68.24; H, 8.22; N, 5.31. Found: C, 68.13; H, 8.29; N, 
5.53. 
2.4.2 Methods 
Critical aggregation concentrations were determined by measuring the specific conductivity of an amphotrope 
solution in distilled water as a function of the concentration. A Philips Digital Conductivity meter PW 9527 
with a Philips PW9550/60 electrode were used. The measuring compartment was thermostatted with a Haake FE 
2 thermostat. Semi-empirical calculations of the dipole moments were performed by using MOPAC 6.0 with a 
PM3 hamiltonian (QCPE programme nr. 455).™ The energy of the input structures was first minimized using 
Quanta CHARMm. Giant vesicles were prepared by allowing 0.1-0.2 mg of the solid material to hydrate for 
several minutes in water of 70 °C. 
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Metal ion binding amphotrope. 
Single chained amphiphile carrying 
an o-hydroxyazobenzene unit 
Chapter 3 
Abstract 
A novel single chained ammonium amphiphile has been synthesized 
which carries an o-hydroxyazobenzene unit at the terminus of its 
hydrophobic chain. This compound forms ordered thread-like 
aggregates upon dispersion in water. These aggregates exhibit a phase 
transition at 56 °C. The o-hydroxyazobenzene unit binds several 
transition metal ions in a 2:1 stoichiometry. Binding of these metal ions 
results in a lowering of the critical aggregation concentration. From the 
changes in the UV absorption spectrum it is concluded that the Cu2+ 
complex fronts more tightly packed aggregates in water than the Zn2+ 
and Ni2 + complexes. 
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3.1 Introduction 
Surfactants in water form micro-heterogeneous dispersions due to their self-assembling 
behavior. These self-organized structures like micelles and bilayer vesicles find applications in 
many fields ranging from detergency to oil recovery technology. Bilayer vesicles have been 
used as drug delivery systems.1"3 Micelles and bilayer structures from surfactants which bind 
metal ions in their headgroup region have shown to exhibit catalytic activity toward hydrolytic 
reactions.4-7 These sytems can also be used to purify water from metal ions by removing the 
micelle bound metal ions by ultra filtration techniques.8-9 Furthermore, the binding of different 
metal ions to aqueous surfactant dispersions has been shown to affect the aggregate 
morphology in a number of cases.10,11 
Kunitake et al.12 and Singh et a/.13 incorporated azobenzene units into the hydrophobic tails of 
single chained surfactants which can bind metal ions in their headgroup region. Binding of 
metal ions induces aggregation of these surfactants resulting in a blue shift of the azobenzene 
n-n* absorption maximum. Recently, Suh et a/.11 have synthesized surfactants with a 0,0'-
dihydroxyazobenzene headgroup. In these surfactants two metal ions are bound by the 
azobenzene itself resulting in coordinatively polymerized bilayer structures. 
In this chapter we report the synthesis of a novel single chained ammonium surfactant carrying 
an o-hydroxyazobenzene at the terminus of the hydrophobic chain. The aggregation behavior of 
this compound in water has been studied by conductometry, electron microscopy, differential 
scanning calorimetry, UV absorption spectroscopy and ^-NMR. Furthermore, the effect of 
metal ion binding on the aggregate stability in water has been investigated. Also the formation 
of ion-pair amphiphiles with sodium dodecylsulfate has been studied. 
3.2 Results and discussion 
A novel single chained ammonium amphiphile 1 has been synthesized containing a terminal o-
hydroxyazobenzene unit which is able to bind transition metal ions. The synthetic pathway and 
the molecular structure are given in Scheme 1. The coupling of 2,4-dihydroxy-4'-
nitroazobenzene with 1,12-dibromododecane results in the formation of many products. 
However, one of the first products to be formed is the monoalkylated compound lb. Therefore 
the reaction time should be no longer than 2 hours. Reaction of this compound with NMe3 
leads to the amphotrope 1. At neutral pH, the Krafft point of compound 1 is found at 27 °C. In 
water this compound forms thread-like structures with diameters of approximately 70 À, some 
of which have a strange bud at one of their ends as was observed by cryo-electron microscopy 
(see Figure 1). A phase transition is observed at 56 °C with DSC and with ÏH-NMR (see 
Figure 2). From the increase in the sharpness of the peaks in the NMR spectrum it is concluded 
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that the molecules undergo a transition to a more mobile state. The sharpness of the peaks in the 
NMR spectrum at elevated temperatures is comparable to that of cetyltrimethylammonium 
bromide micelles. Possibly, a transition from thread-like structures to spherical micelles occurs. 
Upon addition of Ni(OAc)2 to a dispersion of 1 at 70 °C, the NMR signals broaden 
considerably indicating that binding of Ni2+ reduces the molecular mobility. 
0 2 N - " " " ^4"Br 
Br-C-j2H24~Br 
1a 1b 
/ = \ • 5 . N - C ^ - 0 - C 1 2 H 2 4 - N - Br" 
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I + 
C12H24-N— Br 
02N—'• -V- M ~' 1—" ' 
_ +1 /= f N -TVNQ, 
- N - C i 2 H 2 4 - 0 - d a - N > * - y 
Scheme 1. Synthetic pathway and molecular structure of compound 1 and its metal ion complex. 
At neutral pH the critical aggregation concentration (cac) is found around 0.1 mM at 20 °C as 
was determined by conductivity measurements. The concentrations used for UV absorption 
spectroscopy are far below the cac and a spectrum with an absorption maximum at 395 nm is 
observed. The same spectrum is observed in ethanol indicating that the molecules are present as 
monomers. When the concentration in water is increased to far above the cac, the absorption 
maximum is seen to shift to 350 nm. This blue shifted absorption maximum is indicative for the 
presence of azobenzene aggregates with (anti)parallel transition dipoles, so-called H-
aggregates.15-16 This means that the formed aggregates are highly ordered. 
When copper(II)acetate is added to an aqueous solution of 1 under its cac, aggregation is 
immediately induced as is observed by the appearance of a blue shifted absorption maximum at 
350 nm (see Figure 3a). Apparently, the binding of Cu2+ results in a concomitant 
supramolecular aggregation. Electron microscopy shows that the same thread-like aggregates 
are formed as in concentrated dispersions without Cu2+. When Cu(OAc)2 is added to an 
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ethanolic solution of 1 two maxima at 366 and at 462 nm are observed (see Figure 3b) which is 
attributed to binding of Cu2+ ions without supramolecular aggregation. 
The blue shift of the absorption maximum in water is almost complete when 0.6 equivalent of 
Cu2+ ions has been added. This means that Cu2+ binds almost quantitatively in a 1:2 
stoichiometry. A complexation constant of 9-109 M-2 can be calculated from the UV absorption 
spectra. The proposed structure of the formed complex is given in Scheme 1. The Zn2+ and 
Ni2+ ions bind less strongly to 1 and a tenfold excess of Ni(OAc)2 or Zn(OAc)2 is needed to 
obtain the spectrum of the aggregated species. The complexation constants for Zn2+ and Ni2+ 
are 2108 M-2. It is a fairly general phenomenon that the equilibrium constant for the formation 
of analogous complexes of divalent cations with ligands containing a nitrogen donor decreases 
when going from Cu2+ to Ni2+ or Zn2+.16 
i_i_X 
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Figure 1. Cryo-electron micrograph of an 
aqueous dispersion of 1. The bar represents 
85 nm. 
Figure 2. 200 MHz 1H-NMR spectra of 
dispersions of 1 in D2O at different 
temperatures. The residual HDO signal at 
about 4.5 ppm has been cut off. 
It cannot be excluded that the acetate ions also induce aggregation by screening the headgroup 
repulsions. However, the great difference observed between addition of Cu(OAc)2 and 
Ni(OAc)2 indicates that binding of the metal ion is the dominant process in promoting the 
aggregation. Addition of sodium acetate also has a relatively minor effect on the aggregation in 
water. 
Furthermore, it is observed that the extent of the blue shift is different for the three complexes. 
For Cu2+, Ni2+ and Zn2+ the blue shifted absorption maxima lie at 350 nm, 364 nm and 378 
nm respectively (see Figure 3c). According to the exciton theory proposed by Kasha15 the 
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Figure 3. (a) UV absorption spectra of an aqueous dispersion of 1 (0.075 mM) before and after the 
addition of Cu(OAc)2- (b) UV absorption spectra of ethanolic solutions of 1 (0.075 mM) withoutmetal 
ions (--)and after the addition of Cu(OAc)2 (---) and after the addition of Ni(OAc)2 ( — )(c)UV 
absorption spectra of aqueous dispersions of 1 (0.075 mM) before (- - -) and after the addition of 
excess Cu(OAc)2 (1), Ni(OAc)2 (2), and Zn(OAc)2 (3). (d) UV absorption spectrum of an aqueous 
dispersion of 1 at 0.3 mM, a concentration far exceeding the cac (••••). UV absorption spectra at low 
concentrations (0.075 mM) in the presence of Cu(OAc)2 (—) and in the presence of SDS (---). 
extent of the blue shift of the UV absorption maximum is strongly dependent on the distance 
between the azobenzene units and on their relative orientation. The observed differences in 
absorption maximum for the investigated metal ions might therefore reflect the different 
stacking distances between the azobenzenes in the formed aggregates. This would mean that the 
1-Cu2+ complex forms the most ordered supramolecular aggregates.17 This is not surprising 
since Cu2+ has the strongest complexation constant. 
The aggregates of the 1-Cu2+ complex have the same blue shifted absorption maximum as the 
aggregates of pure 1. This means that incorporation of Cu2+ ions does not alter the average 
azobenzene-azobenzene distances in the aggregate. The binding of Zn2+ and Ni2+ however 
results in a reduction of the blue shift with respect to that of the aggregates of pure 1. This 
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indicates that the binding of these ions hampers the optimal the packing of the azobenzenes in 
the aggregates. 
When a large excess of vesicles of didodecyldimethylammonium bromide (DDAB) is added to a 
solution of 1-Cu2+ aggregates, no spectral changes occur indicating that the 1-Cu2+ aggregates 
are very stable and no mixing of monomers occurs. When vesicles of DD AB are added to 1-
Zn2+ or 1-Ni2+ aggregates, the blue shift is immediately lost due to the formation of mixed 
aggregates in which there is no stacking of the azobenzenes anymore, even when a small excess 
of DDAB is used. This demonstrates that the 1-Zn2+ or 1-Ni2+ aggregates are indeed less 
stable than the 1-Cu2+ aggregates. 
Qy Qö Qö Qö ÜÜJÜÜJUQyüüJ 
Figure 4. Schematic representation of possible aggregate structures of 1 in the presence of Cu2* 
(left)andSDS (right). 
The spectral shift caused by the aggregation induced by the binding of Cu2+ forms an effective 
means to detect very low concentrations of Cu2+ in water. When a concentration 50 |AM of 
compound 1 is present in the cuvette, a concentration of 10 uM of Cu2+ can easily be detected. 
Furthermore, the Cu2+ ions are captured in the interior of the aggregates. This would offer a 
possibility to remove Cu2+ ions from an aqueous solution by ultra filtration techniques. 
The addition of one equivalent of sodium dodecylsulfate (SDS) to a sub-micellar solution of 1 
also results in a blue shift of the absorption maximum from 395 nm to 350 nm due to the 
formation of ion-pair amphiphiles. These ion-pair amhiphiles have a lower critical aggregation 
concentration than the parent amphiphiles. This is caused by the electrostatic attraction between 
the headgroups.18,19 
Interestingly, the UV absorption spectrum which is obtained for 1 in the presence of Cu2+ is 
rather similar to the spectrum obtained in the presence of sodium dodecylsulfate or for the pure 
compound 1 at concentrations far exceeding the cac (see Figure 3d). In the presence of Cu2+ 
ions the azobenzenes are forced in an antiparallel interdigitated configuration. This suggests that 
in the absence of metal ions the azobenzenes are also interdigitated in the formed aggregates. 
This interdigitation of azobenzenes in self-aggregated structures has been reported before.15-20 
The interdigitation of the azobenzenes results in an increased distance between the alkyl chains 
(which might induce tilting of the alkyl chains). SDS probably fills these empty spaces very 
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well and therefore these ion-pair aggregates give the same spectral blue shift as the aggregates 
of pure 1 and the 1-Cu2+ complex. 
If the azobenzenes are actually interdigitated, it is difficult to imagine how these molecules form 
the thread-like structures, since the molecules cannot pack as conventional surfactants in a rod-
like micelle. Possibly, these thread-like structures consist of narrow bilayer ribbons with the 
lateral edges exposed to the aqueous phase. This would expose part of the polar azobenzene 
units in aggregate to the water. This might compensate the unfavorable interaction of the 
exposed alkyl spacers. 
3.3 Conclusions 
The novel o-hydroxyazobenzene containing ammonium amphiphile 1 forms thread-like 
aggregates in water which exhibit a phase transition at 56°C. Aqueous dispersions of 1 
exceeding the critical aggregation concentration show a blue shifted absorption maximum due to 
the formation of H-aggregates of the azobenzene units. It has been shown that binding of metal 
ions can occur in the interior of the formed aggregates. This does not seem to alter the aggregate 
morphology. Binding of Cu2+ ions results in a strong decrease of the cac and a strong 
stabilization of the formed aggregates. Ni2+ and Zn2+ are less strongly bound by this 
amphiphile and binding of these ions results in the formation of less stable and less ordered 
aggregates. Compound 1 readily forms ion-pair amphiphiles with sodium dodecylsulfate. The 
azobenzene units in the ion-pair aggregates are probably similarly interdigitated as in the Cu2+ 
ion complexed aggregates and as in the aggregates of pure 1. 
3.4 Experimental section 
3.4.1 Synthesis 
2,4-Dihydroxy-4'-nitroazobenzene (la) was prepared by reaction of the diazonium salt of 4-nitroaniline with 
resorcinol.14 
12-Bromo-l-{[(4-nitrophenyl)azo]-2'-hydroxyphenyl-4'-oxy}dodecane (lb) 
A mixture of 25 mmol of 2,4-dihydroxy-4'-nitroazobenzene, 50 mmol of 1,12-dibromododecane and 50 mmol of 
K2CO3 in 100 mL of 2-butanone was refluxed for 2 h. The salt was removed by filtration and the filtrate was 
concentrated by evaporation of the solvent. The product was purified by column chromatography on silica gel 
using petroleum ether (bp. 40-60 °C)/CH2Cl2, 1:1 v/v as eluent (yield 10 %). ÏH-NMR (CDCI3, TMS, S, 
ppm); 1.40 (m, 16 H, -(CH2)8-), 1.80 (m, 4 H, Br-CH2-CH2-, RO-CH2-CH.2-), 3.40 (t, 2 H, Br-CH2-), 4.00 
(t, 2 H, RO-CH2-), 6.36 - 8.30 (m, 7 H, Ar-H), 12.43 (s, 1 H, HO-Ar). 
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A?-{12-{[(4-Nitrophenyl)azo]-2'-hydroxyphenyl-4'-oxy}dodecyl}-iV,iV,Af-trimethylammoiiiuiii 
bromide (1) 
A solution of 0.8 mmol of the 12-bromo-l-{[(4-nitrophenyl)azo]-2'-hydroxyphenyl-4'-oxy}dodecane (lb) in 6 
mL of a 20% (w/w) solution of trimethylamine in ethanol was heated at 100°C for 1 h in a closed reaction 
vessel. The mixture was allowed to cool to room temperature and was then thoroughly cooled on ice. The 
precipitate was collected by filtration and washed with diethyl ether. The product was purified by column 
chromatography on aluminum oxide (activity grade III) using CH2Cl2/MeOH (100:3 v/v) as eluent. Yield 80%. 
Mp. 198 °C. 
iH-NMR (CDCI3, TMS, 5, ppm); 1.40 (m, 16 H, -(CH2)8-). 1-80 (m, 4 H, N-CH2-CH2-, RO-CH2-CH2-). 
3.4 (m, 11 H, N-(CH3)3, -CH2-N), 4.00 (t, 2 H, RO-CH2-), 6.30 - 8.50 (m, 7 H, Ar-H), 12.43 (s, 1 H, HO-
Ar). Anal. Calcd for C27H4iN404Br: C, 57.34; H, 7.31; N, 9.91. Found: C, 57.91; H, 7.61; N, 9.91. 
3.4.2 Methods 
Aqueous dispersions were prepared by slightly heating and shaking of the solid material in water. The water was 
purified by filtration through a Seralpur pro 90C purification system. For the Differential Scanning Calorimetry 
(DSC) measurements (Perkin Elmer DSC 7) 1% (w/w) sample solutions were prepared. A scan rate of 10 
°C/min was used. The critical aggregation concentration was determined by measuring the specific conductivity 
of the solution of 1 as a function of the concentration. A Philips Digital Conductivity meter PW 9527 with a 
Philips PW 9550/60 electrode was used. The UV absorption spectra were recorded on a Lamda 18 
spectrophotometer from Perkin Elmer. 
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Double chained amphiphiles 
carrying one mesogen 
Chapter 4 
Abstract 
A number of double chained ammonium amphiphiles with biphenyl, 
azobenzene and stilbene mesogenic moieties at the terminus of one of 
the hydrophobic tails has been synthesized. These compounds form 
stable bilayer vesicles upon dispersion in water. In the bilayers the 
mesogens from molecules of opposite leaflets of the bilayer are 
interdigitated. Bilayers of the azobenzene containing double chained 
amphiphiles (4) exhibit a gel-to-liquid crystalline phase transition. The 
nature of the 4'-substituent at the azobenzene unit influences the phase 
transition temperature Tc. The Tc increases in the order F < H < NO2 < 
CN < OCH3 < N=N-Ph. This sequence cannot be correlated with the 
electron withdrawing or donating properties of the substituents. It is 
therefore concluded that dispersion rather than dipole-dipole 
interactions between the azobenzene units are important. 
In the bilayers the azobenzene mesogens form H-aggregates as is 
observed by the blue shift of the UV absorption maximum. This blue 
shift is not affected by the 'gel-to-liquid crystalline'phase transition. 
Vesicles of 4-N=N-Ph do not exchange monomers with vesicles of 
didodecyldimethylammonium bromide whereas vesicles of the other 
compounds do. Compound 4-N=N-Ph forms monolayers at the 
water-air interface which are much more stable than the monolayers of 
any of the other investigated compounds. The amphotrope 5 which 
contains one perfluorinated alky I chain forms vesicles which exhibit a 
high Tc and a peculiar monomer exchange behavior. 
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4.1 Introduction 
In recent years much attention has been paid to the development of new organic materials 
containing azobenzene units. Being a potential mesogenic unit, the incorporation of azobenzene 
moieties can induce the formation of thermotropic liquid crystalline phases in both monomeric 
and polymeric compounds. Another attractive property of azobenzenes is their photoinduced 
trans-cis isomerization1"4 so that the physical properties of azobenzene containing materials can 
be simply altered by irradiation with UV light. 
Kunitake et a/.5"12 incorporated azobenzene units into the hydrophobic tails of single chained 
ammonium amphiphiles. Some of these compounds form bilayer membranes whose 
permeability can be altered by isomerizing the azobenzene units. The stacking of the 
azobenzenes in the bilayer results in a shift of the n-n* absorption maximum. This shift is a 
direct measure for the degree of molecular order in the bilayer. 
Substituents at the mesogenic units are important in determining the dipole moment of the 
mesogen and therefore its self-organizing properties.13'14 In this chapter the synthesis of a 
series of novel double chained ammonium surfactants carrying different biphenyl, stilbene and 
azobenzene mesogenic units at the terminus of one of the hydrophobic chains is described. The 
effect of different substituents at the azobenzene moiety on the aggregation behavior of these 
compounds in water and at the water-air interface has been studied. Also the effect of the 
introduction of a perfluorinated alkyl chain has been investigated. 
The aggregate morphology was investigated by means of optical and electron microscopy. The 
bilayer spacing was obtained from X-ray reflectivity measurements. The aggregate stability was 
judged by differential scanning calorimetry experiments and monomer exchange experiments. 
The stability of monolayers at the water-air interface was studied by using a Langmuir trough. 
4.2 Results and discussion 
4.2.1 Thermotropic properties 
The compounds 2 and 3 exhibit a complicated thermotropic phase behavior due to the presence 
of different crystal types and the presence of monotropic liquid crystalline phases. Compound 
4-N=N-Ph is the only compound in the investigated series to exhibit an enantiotropic smectic 
phase. Upon cooling from the isotropic phase the liquid crystalline phase appears first as 
bâtonettes which develop into a fan-shaped focal-conic texture typical of a smectic A phase. 
This compound also has a considerably higher isotropization temperature than any of the other 
compounds 4 (see Table 1, p. 64). This shows that this double azobenzene unit has stronger 
mesogenic properties than the other investigated azobenzene moieties. This is probably due to 
stronger interactions between these more extended aromatic units. 
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Scheme 1. Synthetic pathway and structures of compounds 1-4. 
200 nm i 
Figure 1. (a) Electron micrograph of vesicles of 4-NO'2 prepared by sonication and subsequently 
stained with uranyl acetate. (b)Optical micrograph ofa hydrated crystal of4-CN in water at 60 °C. 
4.2.2 Aggregate morphology and phase behavior 
Compounds 2,3 and 4 which possess two hydrophobic tails of which one carries a mesogenic 
unit, form small unilamellar bilayer vesicles upon sonication (Figure la). Giant unilamellar 
vesicles15-17 of these compounds are formed when crystals are immersed in water of 60°C and 
allowed to hydrate. Hydration starts instantly as is seen by the formation of worm-like tubuli at 
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the surface of the crystals (Figure lb). It is important that the sample of the hydrated crystals is 
not mechanically agitated, because this enhances the formation of smaller vesicles. After about 
10 minutes, the formation of giant liposomes is observed which are formed by detachment of 
the bilayer tubules. These giant liposomes can reach diameters of 20 |Xm and can easily be 
observed by light microscopy. 
Because the Krafft temperatures of compounds 2 and 3 lie around 40-50°C, the vesicles are not 
stable at room temperature. In the undercooled state these vesicles are usually stable for 6-8 
hours before precipitation occurs. 
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Figure 2. DSC thermograms of vesicle dispersions of 4-CN (solid line) and 4-NO2 (dashed line). 
The upper traces are heating curves and the lower traces are cooling curves. 
Figure 2 shows the DSC thermograms of 2 
% w/w vesicle dispersions of 4-CN and 
4-NO2 in water. Phase transitions are 
seen at 39°C and at 27°C respectively. 
These transitions are reversible upon 
cooling and are attributed to the gel-to-
liquid crystalline phase transition of the 
bilayers (Tc). For 4-CN this phase 
transition has been confirmed by 
temperature dependent 'H-NMR mea-
surements (see Figure 3). The sharpening 
of the NMR peaks above Tc indicates increased molecular mobility in the bilayers. 
When vesicle dispersions of 4-CN and 4-NO2 are frozen and subsequently allowed to melt, 
turbid dispersions of hydrated microcrystals are obtained. DSC measurements of these 
dispersions show phase transitions at 52 °C and 42 °C respectively. These are attributed to the 
8 6 5 4 3 2 1 
ppm 
Figure 3. 1H-NMR spectra of bilayer vesicles of 
4-CN in D20 (Tc = 39 °C). 
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crystal to bilayer transition (which corresponds to the Krafft point).18 Upon subsequent cooling 
to 5°C, followed by heating, the original vesicle thermograms are restored. 
For the vesicle dispersions of compounds 2-CN, 2-NO2 and 3-CN no gel-to-liquid 
crystalline phase transitions are observed by DSC (on 2 % w/w samples). The transition 
temperatures are expected to lie below those of the azobenzene compounds 4-CN and 4-NO2 
because of the lower aggregate stabilizing effect of the biphenyl and stilbene mesogens with 
respect to the azobenzene mesogens (see chapter 2). This will cause the bilayers to be less 
ordered and the phase transitions, if they occur at all, will probably be accompanied by a much 
smaller heat effect. These results agree well with the results for the dialkyldimethylammonium 
bromide series.19 Didodecyldimethylammonium bromide also has no detectable gel-to-liquid 
crystalline phase transition by DSC (on 2 % w/w samples19) whereas compounds with longer 
chains do have measurable phase transitions. For the shorter chains the driving force for 
aggregation is reduced, resulting in less ordered bilayers with lower phase transition enthalpies. 
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Figure 4. UV absorption spectra of compound 4-CN as monomers in ethanol (dashed line) and as 
vesicles in water (solid line). The concentrations are 3 KT5 M and 4-10~5 M respectively. 
Figure 4 shows the UV spectrum of an aqueous vesicle dispersion of 4-CN together with the 
monomer spectrum observed in ethanol. The absorption maximum of the monomeric species 
lies at 363 nm and for the vesicle dispersion at 334 nm. Similar blue shifts of the absorption 
maximum are observed for vesicles of the other compounds 4 (Table 1, p. 64) and for 3-CN. 
The main absorption band for the azobenzene and stilbene chromophore is the n-n* transition 
for which the transition moment is oriented along the long axis of the aromatic moiety.20 
According to the molecular exciton model proposed by McRae and Kasha21 the blue shift of the 
absorption maximum for the vesicle dispersion is indicative of linear chromophore aggregates 
with their transition moments (anti)parallel to each other and ordered perpendicular to the 
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stacking direction (so-called H-aggregate22-23). For vesicle dispersions of 2-CN and 2-NO2 
no blue shifted absorption maxima are observed. This may be due to the relatively high cac 
values of these compounds so that at UV measuring concentrations (10"4-10"5 M) 
predominantly the molecularly solubilized species is present. An indication for this is the fact 
that blue shifts of a few nanometers are observed upon increasing the concentrations of these 
compounds. 
Because the blue shift in the absorption spectrum due to the formation of H-aggregates is very 
sensitive to the mesogen-mesogen distance, it was expected that the gel-to- liquid crystalline 
phase transition would influence this spectral shift. Interestingly, the extent of the blue shift of 
the UV absorption maxima is not altered by the phase transition. This was tested by measuring 
the UV absorption spectra of 0.2 mM vesicle dispersions in a 1 mm cuvette at different 
temperatures. This means that although the molecules have increased mobility, as was 
confirmed by 'H-NMR, the average stacking distance between the mesogens remains the same 
above the phase transition temperature. This suggests that the phase transition is primarily 
associated with the melting of the alkyl chains. 
When lower concentrations of vesicles are used (0.07 mM), the blue shift disappears at higher 
temperatures. This is attributed to a dissolution of the bilayers into monomers as a result of the 
increased critical bilayer concentration. 
In order to obtain more information about the 
structure of the bilayer, the bilayer thickness of 
vesicles of 4-CN was measured by X-ray 
reflectivity measurements7 on cast films of 
vesicles of 4-CN. The measurements gave a 
bilayer thickness of 40.8 Â. It is known that the 
bilayer structure is maintained in the cast films.24 
Taking into consideration that the calculated 
length of a molecule is 31 Â, this probably 
means that in the bilayer structure interdigitation 
of the mesogens occurs accompanied by tilting of the alkyl chains, as illustrated in Figure 5. 
For compound 4-CN which has both a C12 spacer and a C12 tail we can obtain a perfectly 
ordered bilayer structure in which the mesogens of oppositely positioned molecules are 
interdigitated. From the blue shift in the UV spectra of the vesicles it is known that the 
mesogens are more or less parallelly stacked. It is therefore assumed that the alkyl chains are 
tilted with respect to the mesogens. The fact that the aggregate peak in the UV spectrum is very 
narrow (wy2=30 nm) and bell-shaped indicates that there is a high degree of order in these 
bilayers. 
40.8 Â 
Figure 5. Schematic representation 
of a bilayer from 4-CN. 
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Interdigitation of mesogens is very commonly encountered for thermotropic liquid crystals both 
in their crystalline state and in their mesophases. By interdigitation unfavorable interactions 
between the dipoles of the mesogens can be minimized.25'26 
When the C12 tail of compound 4-CN is replaced with a Ci6 tail the UV absorption maximum 
of the vesicle dispersion is also blue shifted but the peak is broader (wi/2= 65 nm) and less 
symmetrical. This shows that if the alkyl tail is longer than the spacer this hampers the 
formation of ordered structures. DSC also shows no measurable phase transition for vesicles of 
this compound. 
When vesicles of 3-CN are irradiated with UV light of 366 nm, the absorption maximum at 
295 nm disappears within a few minutes. This is attributed to a [2+2]-photocycloaddition of the 
double bonds of two adjacent stilbene mesogens (Figure 6). This results in the loss of the 
conjugation between the two phenyl rings of the stilbene moiety and in the formation of a 
cyclobutane ring. In this way it is possible to covalently connect both sides of the bilayer. 
wavelength (nm) 
and other regio isomers 
Figure 6. Time dependent decrease of the n-n* absorption band of vesicles of 3-CN in water upon 
irradiation with UV light of 366 nm (dashed line is the monomer spectrum in ethanol). [3-CN] = 
5-1Ct5M. 
4.2.3 Substituent effects on the phase transition temperatures 
The Krafft temperatures of the compounds 4 are given in Table 1 (p. 64) and lie all above room 
temperature (the Krafft point is the temperature at which the hydrated crystals are transformed 
into bilayer structures). Compounds 4-H and 4-N=N-Ph have the highest Krafft 
temperatures (80° and 65 °C). This means that these compounds fit very well in a crystal lattice 
and therefore have a poor tendency to get hydrated and to form bilayer structures. The 
compounds 4-CN, 4-NO2 and 4-OCH3 have Krafft temperatures around 50 °C indicating 
that hydration of the molecules in the crystal to give bilayer structures occurs more easily. 
Compound 4-F has the lowest Krafft point. Probably, the unfavorable miscibility between 
fluorocarbon and hydrocarbon segments destabilizes the molecular packing in the crystal lattice. 
62 
Double chained amphotropes carrying one mesogen 
The stability of the vesicle dispersions at room temperature varies from a few hours for 4-H to 
months for 4-N=N-Ph and 4-F. Although the vesicles are not thermodynamically stable at 
room temperature, crystallization is kinetically controlled at room temperature. 
All the investigated bilayer vesicles of 4, except those of 4-N=N-Ph, show a gel-to-liquid 
crystalline phase transition (Tc) by DSC. The DSC thermograms are given in Figure 7. The 
phase transition temperatures as observed upon heating are also given in Table 1. Scan rates of 
10 cC/min were used for the DSC experiment. Using lower scan rates did not affect the 
observed phase transition temperatures much. Upon cooling the phase transitions are usually 
observed at lower temperatures. The vesicles of 4-H exhibit two phase transitions at 24° and 28 
°C. The phase transition temperatures of didodecyldimethylammonium bromide (Ci2Ci2N+) 
and dioctadecyldimethylamonium bromide (CisCigN"1") bilayers are found at 17 °C27 and at 45 
°C28 respectively. These compounds are structurally related to the compounds 4 but lack the 
azobenzene unit. 
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Figure 7. DSC thermograms of 1 % w/w vesicle dispersions of compounds 4. The solid traces are 
the heating curves, the dashed traces are the cooling curves. 
When the Tcs of vesicles of the compounds 4 are compared with that of Ci2Ci2N+ vesicles it is 
seen that the introduction of the azobenzene unit with the fluorine substituent (Tc = 19 °C) 
hardly affects the phase transition temperature. All the other azobenzenes cause an increase in 
Tc with respect to that of Ci2Ci2N+. Vesicles of 4-OCH3 (Tc = 42 °C) have a Tc almost as 
high as that of CisC^N* bilayers. This shows that very subtle structural changes in the 
compounds 4 cause changes in Tc which can only be realized in the dialkyldimethylammonium 
bromide bilayers by drastic elongation of the alkyl chains. 
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Table I. Melting Points (Tm), Krafft Temperatures (TKrafft) ar*d Phase Transition Temperatures (Tc) 
for Compounds 4. Also the UV Absorption Maxima of the Vesicles in Water (Xves) and the Monomers 
in Ethanol fiEtOH) are given. 
Compound 
4-H 
4-F 
4-CN 
4-NO2 
4-OCH3 
4-N=N-Ph 
Tm (°C) 
132 
105 
151 
119 
135 
151-S*-182 
TKrafft (°C) 
80 
29 
52 
42 
50 
65 
Tc (°C) 
24;28 
19 
39 
27 
42 
t 
XEtOH ( n m ) 
346 
347 
363 
375 
357 
381 
^-ves (nm) 
324 
326 
334 
341 
338 
368 
t not observed under the employed experimental conditions 
* an enantiotropic smectic liquid crystalline phase is observed 
The Tc thus increases in the series 4-F < 4-H < 4-NO2 < 4-CN < 4-OCH3, reflecting 
increasing azobenzene-azobenzene interactions. The nature of the terminal group is important in 
determining the dipole moment of the azobenzene unit and therefore its self-organizing 
properties. Because the alkoxy spacer at the 4-position is an electron donating group, electron 
withdrawing substituents at the 4'-position give rise to mesogens with high overall dipole 
moments. For side chain liquid crystalline polymers it has been found that apolar substituents 
on the mesogen tend to induce nematic phases. Polar electron withdrawing (-CN or -NO2) 
substituents induce the formation of more ordered smectic phases.13-14 This has been ascribed 
to the tendency of these mesogens with large dipole moments to form antiparallel dimers caused 
by the favorable dipolar interactions. 
The observed trend does however not fit with the picture of bilayer stabilization by increased 
dipole-dipole interactions between the mesogenic units. Other parameters like the polarizability 
of the substituents and the precise packing mode probably also contribute to the stabilization 
through dispersion interactions. Bilayers of 4-F have the lowest Tc. Possibly, the mesomeric 
electron donating property of the F-substituent results in reduced dipolar interactions between 
the mesogens. Alternatively, the unfavorable miscibility between fluorocarbon and hydrocarbon 
segments might destabilize the bilayer. Bilayers of 4-OCH3 have a Tc which is relatively high 
although the methoxy substituent is also a mesomerically electron donating substituent. This 
shows that specific mesogen-mesogen interactions, which are not necessarily dependent on the 
dipole of the mesogen, stabilize lyotropic lamellar mesophases. 
The compounds 4-H, 4-CN, 4-F and 4-OCH3 undergo facile trans-cis isomerization in the 
bilayer state upon irradiation with UV light of 366 nm as could be monitored with UV 
spectroscopy. The fact that these bilayers are in their gel phase at room temperature does not 
seem to hamper the isomerization. The thermal back isomerization from the cis to the trans form 
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is very slow at room temperature. For 4-NO2 and 4-N=N-Ph no cis isomer is detected upon 
irradiation at this wavelength. This means that either the cis isomer is not formed or that it 
isomerizes back to the trans isomer very rapidly. Figure 8 shows the effect of trans-cis 
isomerization on the gel-to-liquid crystalline phase transition of vesicles of 4-H. For bilayers in 
the trans state two phase transitions are observed at 24 °C and 28 °C. After irradiation the high 
temperature transition is lost. This shows that the isomerization affects the molecule packing in 
the bilayer. 
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Figure 8. DSC thermograms of a 1 % w/w vesicle dispersion of 4-H before (lower trace) and after 
irradiation (upper trace) with UV light of 366 nm. 
4.2.4 Monomer exchange experiments 
When vesicles of 4-H, 4-NO2, 4-CN, 4-OCH3 or 4-F are mixed with an equimolar amount 
of vesicles of didodecyldimethylammonium bromide (Ci2Ci2N+), the blue shifted absorbance 
maximum immediately returns to its monomer value. This is due to the formation of mixed 
bilayers in which the azobenzenes loose their stacking interaction. This process is too fast to be 
followed in time with our experimental set-up. In Chapter 7 it will be shown that this mixing 
occurs via a monomer transfer mechanism.29 When vesicles of 4-N=N-Ph are mixed with a 
large excess of vesicles of didodecyldimethylammonium bromide, no spectral changes are 
observed in the UV absorption maximum at all. Therefore it is concluded that any form of 
monomer mixing is absent. The penetration of the 4-N=N-Ph bilayers by didodecyl-
dimethylammonium bromide monomers is probably hampered by the strong interactions 
between the molecules of 4-N=N-Ph. On the other hand, the monomer concentration of 4-
N=N-Ph must be very low so that the 4-N=N-Ph monomers do not escape their bilayers to 
migrate towards the didodecyldimethylammonium bromide bilayers. 
It can thus be concluded that 4-N=N-Ph must have a much lower critical bilayer concentration 
than any of the other compounds 4. When the hydrophobicities of 4-N=N-Ph and 4-H are 
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calculated using Rekker's hydrophobic fragmental constants30, both compounds have 
approximately the same hydrophobicity. The low critical bilayer concentration of 4-N=N-Ph 
as compared to that of 4-H can thus not be caused solely by the hydrophobic effect. Probably, 
the larger aromatic system results in stronger mesogen-mesogen stacking interactions resulting 
in a lower critical bilayer concentration and poor miscibility with other cationic surfactants. 
4.2.5 Monolayer stability 
The monolayer forming properties of compounds 4 have also been investigated in order to get 
information about the monolayer stabilizing effects of the different azobenzene mesogens. The 
Jt-A isotherms of the compounds 4-H, 4-CN and 4-N=N-Ph are given in Figure 9. 
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Figure 9. n-A Isotherms of compounds 4-CN, 4-H and 4-N=N-Ph. 
The isotherm of 4-F is similar to that of 4-H and those of 4-NO2 and 4-OCH3 are similar to 
that of 4-CN. In all the isotherms an initial rise of the surface pressure is observed at an area of 
about 200 Â2/molecule. At this molecular area the molecules start to interact. This area 
corresponds to a situation in which the molecules have their azobenzene-carrying tail flat on the 
water surface. This orientation would be favored by a positive interaction between the 
azobenzenes and the water surface and has been found before by Heesemann.37 Upon further 
compression the surface pressure rises until a plateau value is reached (at 33 mN/m for 4-CN). 
At this pressure the interaction between the azobenzene unit and the water subphase is broken 
and the azobenzene-carrying tails are lifted from the surface. The transition to the plateau is 
sharp for 4-CN, 4-NO2 and 4-OCH3 and smooth for 4-H and 4-F. This is ascribed to a 
better interaction with the subphase caused by the more polar substituents. This could result in a 
greater ordering of the molecules in the monolayer of the former three compounds resulting in a 
more cooperative (sharp) phase transition. Subsequently, the molecules can be compressed 
until the chains are in a close packed arrangement (at ± 40 À2/molecule). Further compression 
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would cause the surface pressure to rise but the monolayers collapse almost immediately after 
this point has been reached. Monolayers of CisC^N"1" do not collapse below 50 mN/m.36 
Obviously the close packed arrangement of the molecules 4 in the monolayer is not a very 
stable one. These azobenzene units are thus not able to stabilize the monolayer through 
azobenzene-azobenzene interactions. 
The monolayer of 4-N=N-Ph shows a quite different rc-A isotherm. The plateau value is 
reached at a lower surface pressure. This means that either the interaction of this azobenzene 
unit with the subphase is weaker or that the configuration in which the azobenzene-tail is 
perpendicular to the surface is more favorable than for 4-CN, 4-NO2 and 4-OCH3. Before 
the plateau is reached an overshoot is observed in the isotherm. This means that the relaxation 
time of the molecules is slow compared to the rate at which the pressure is exerted on them 
(compression speed of 1000 cm2/hour). Usually, these overshoots decrease when lower 
compression rates are used. When the close packed arrangement is obtained at 40 À2/molecule 
the surface pressure rises until a surface pressure of 60 mN/m is reached. Upon expansion the 
isotherm is largely reversible but the overshoot is missing. Upon recompression the initial 
isotherm is recovered. At 25 mN/m the compressed monolayer is fairly stable in time. 
It is obvious that the larger aromatic unit of 4-N=N-Ph results in a strong stabilization of the 
monolayer, probably due to enhanced azobenzene-azobenzene interactions between these larger 
mesogenic units. These interactions are also held responsible for the bilayer stabilizing effect of 
this azobenzene unit. 
4.2.6 Perfluorinated amphotrope 
It is known that the mixing of perfluorinated alkyl chains with hydrocarbon chains is an 
unfavorable process.31"33 This tempted us to synthesize amphiphile 5 carrying one 
perfluoroalkyl chain and one hydrocarbon tail and a cyano-substituted azobenzene unit to 
monitor the ordering of these molecules in the aggregated state. 
The Z-double bond in the perfluoroalkyl chain was introduced during the reaction by the trans 
elimination of HF.34 In the !H-NMR spectrum strong trans coupling of 40 Hz is observed 
between the olefinic proton and the fluorine atom at the double bond. This compound forms a 
smectic phase above 132 °C and decomposes at about 200 °C. 
Compound 5 forms bilayer vesicles upon sonication in pure water which have been observed 
with transmission electron microscopy (see Figure 11). These bilayer vesicles show a phase 
transition at 64 °C which is 25 °C higher than the Tc of 4-CN vesicles. The UV absorption 
maximum of the azobenzene unit is blue shifted from 363 nm for monomers to 331 nm for the 
vesicles in water at 20 °C. This blue shift is almost the same as observed for vesicles of 4-CN. 
This means that the molecular packing is not affected much by the presence of the 
perfluorinated tail or by the double bond. 
67 
Chapter 4 
C8F17C2H4I 
NMe-, 
C8F17C2H4NMe2 
.H-TS NO-f V N ^ N=/ 
NC 
O C12H04 Br -HF 
/~~\ ^N- /^V-0-C 1 2 H 2 4 N + / 
f }—NT \ = / N Br 
5 C7F1 
Upon mixing of vesicles of 5 (0.05 mM) with a 70-fold molar excess of vesicles of 
didodecyldimethylammonium bromide (Ci2Ci2N+) at room temperature, the blue shifted 
absorption maximum slowly disappears and the absorption maximum of the non-stacked 
azobenzenes appears due to the monomer exchange process (see Figure 10). The whole process 
takes several hours to complete whereas for 4-CN vesicles the monomer transfer process is 
almost instantaneous (see Chapter 7). This is a direct consequence of the lower critical bilayer 
concentration of 5 as compared to 4-CN. This is caused by the fact that perfluoroalkyl chains 
are more hydrophobic than the hydrocarbon chains.30 
T 1 1 1 1 
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Figure 10. Change in absorbance at 366 nm 
after mixing vesicles of 5 with an excess of 
Ci2Ci2N+ vesicles (23 °C). 
Figure 11. Transmission electron micrograph 
of vesicles of 5, negatively stained with 1 % 
w/w uranyl acetate. 
In the plot of the absorbance at 366 nm versus time at 23 °C it is seen that the monomer 
exchange process consists of two processes. One process is fast and occurs within the first 5 
minutes after mixing. The other is slow and has a half time of several hours. This phenomenon 
68 
Double chained amphotropes carrying one mesogen 
is tentatively explained by assuming that the fast process is caused by a dilution of the 
molecules of 5 due to fast penetration of the Ci2Ci2N+ molecules in the bilayers of 5. The 
molecules of 5 will however remain aggregated in smaller clusters in which the perfluoroalkyl 
chains are facing each other. In this way the contact between the perfluorinated and the 
hydrocarbon chains is minimized. These smaller clusters still cause some blue shift of the 
absorbance maximum. The slow process is attributed to a migration of the molecules of 5 to the 
excess of Ci2Ci2N+ vesicles yielding the absorption maximum of the non-stacked azobenzene. 
This idea was supported by the fact that for the monomer exchange between vesicles of 5 and 
Ci8Ci8N+ bilayers only the slow exchange process is observed. The low free monomer 
concentration of Ci8Ci8N+as compared to CnC^N"1" causes the penetration of these 
monomers into the bilayers of 5 to be slow. Therefore the migration of the monomers of 5 to 
the bilayers of CisCisN"1" becomes the dominant process. A detailed investigation of these and 
other monomer transfer processes is given in Chapter 7. 
4.3 Conlusions 
A series of novel double chained ammonium amphiphiles have been synthesized which carry 
biphenyl (2), stilbene (3) or azobenzene (4) mesogenic units at the terminus of one of the alkyl 
chains. These compounds all form bilayer vesicles. Azobenzene mesogens give a better 
stabilization of the formed bilayers than stilbene or biphenyl mesogens. This is due to stronger 
intermolecular interactions between azobenzene mesogens. For these bilayer vesicles a blue 
shifted absorption maximum is observed in the UV spectrum as compared to the monomer 
spectrum. This is caused by (anti)parallel 7t-7t stacking of the mesogens in the bilayer (so-
called H-aggregation). A layer spacing of 40.8 Â is observed for cast vesicle films of 4-CN 
which indicates that the mesogens from opposite sides of the bilayer are interdigitated and that 
the methylene spacers are tilted with respect to the normal of the bilayer plane. 
The effect of different substituents at the azobenzene unit on the 'gel-to-liquid crystalline' phase 
transition temperature (Tc) has also been investigated. The Tc increases in the order 4-F < 4-H 
< 4-NO2 < 4-CN < 4-OCH3 < 4-N=N-Ph, reflecting increasing azobenzene-azobenzene 
interactions in the bilayer. The strength of the azobenzene-azobenzene interaction does not 
correlate with the azobenzene dipole moment. Possibly, the different substituents contribute to 
the mesogen-mesogen interactions through dispersion interactions rather than through 
electrostatic interactions between the permanent dipoles of the mesogens. 
The bilayer vesicles of 4-N=N-Ph do not exchange monomers with bilayer vesicles of 
didodecyldimethylammonium bromide whereas all the other compounds 4 give a very rapid 
monomer exchange. This different behavior of the vesicles of 4-N=N-Ph is caused by the 
extra stabilization of the bilayer by this extended azobenzene system. 
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All the compounds 4 give monolayers at the water-air interface which collapse at surface 
pressures around 33 mN/m, except 4-N=N-Ph which gives more stable monolayers due to 
stronger azobenzene-azobenzene interactions. 
The amphotrope 5, containing a perfluorinated alkyl tail, forms stable bilayer vesicles in water. 
The molecules in the bilayers are similarly packed as the molecules of 4-CN. The phase 
transition temperature is higher and monomer exchange rates are considerably slower than for 
compound 4-CN. 
4.4 Experimental section 
4.4.1 Synthesis 
4-Hydroxyazobenzene, 4'-fluoro-4-hydroxyazobenzene, 4'-cyano-4-hydroxyazobenzene, 4-hydroxy-4'-
nitroazobenzene and 4-hydroxy-4'-methoxyazobenzene were prepared by reaction of the diazonium salts of aniline, 
4-fluoroaniline, 4-nitroaniline, 4-aminobenzonitrile and 4-methoxyaniline respectively with phenol." 
Benzeneazobenzeneazophenol was prepared by reaction of the diazonium salt of 4-phenylazoaniline with phenol. 
This compound was purified by column chromatography on silica gel using MeOH/CH2Cl2 5:100 (v/v) as 
eluent. 
12-Bromo-l-RO-dodecane (1) 
A mixture of 25 mmol of the appropriate hydroxy-mesogen and 50 mmol of 1,12-dibromododecane and 50 mmol 
of K2CO3 in 50 mL of 2-butanone was refluxed for 16 h. The salt was removed by filtration and the filtrate was 
concentrated by evaporation of the solvent. The product was purified by column chromatography on silica gel 
using petroleum ether (bp. 40-60 °C)/CH2Cl2, 1:1 v/v as eluent (yield 60 %). !H-NMR (CDCI3, TMS, S, 
ppm); 1.40 (m, 16 H, -(CH2)8-), 1.80 (m, 4 H, Br-CH2-CH.2". RO-CH2-CH2-), 3.40 (t, 2 H, Br-CH2-), 4.00 
(t, 2 H, RO-CH2-), 7.00 - 8.40 (m, 8 H, Ar-H). In case of methoxy substituent: 3.78 (s, 3H, Ar-OCH3). 
iV-(12-RO-dodecyl)-iV,iV-dimethyl-A'-dodecyIammonium bromide (2, 3, 4) 
A solution of 0.8 mmol of the 12-bromo-l-RO-dodecane and a fourfold excess of N.N-dimethyl-A'-dodecylamine 
in 2-butanone was refluxed for 16 h. The mixture was allowed to cool and the solvent was removed under reduced 
pressure. The residue was dissolved in a small amount of dichloromethane and precipitated by addition of diethyl 
ether. The precipitate was collected and recrystallized from acetone (yield 60 %). 
iH-NMR (CDCI3, TMS, Ô, ppm); 0.90 (t, 3 H, CH3-), 1.40 (m, 34 H, -(CH2)8-, -(CH2>9-), 1.80 (m, 6 H, N-
CH2-CH2-, RO-CH2-CH2-). 3.40 (s, 6 H, -CH2-N-(CH3)2), 3.50 (m, 4 H, -CH2-N-(CH3)2-), 4.00 (t, 2 H, 
RO-CH2-), 7.00 - 8.40 (m, 8 H, Ar-H). In case of 4-OCH3 3.78 (s, 3H, Ar-OCH3). 
2-CN: Mp 114 °C. Anal. Calcd for C3oH63BrN20 : C, 71.41; H, 9.68; N, 4.27. Found: C, 71.36; H, 9.82; 
N, 4.34. 2-NO2: Mp 98 °C. Anal. Calcd for C38H63BrN203 (0.8 H2O): C, 66.12; H, 9.43; N, 4.06. Found: 
C, 66.10; H, 9.53; N, 4.00. 3-CN: Mp 131 °C. Anal. Calcd for C4iH65BrN20: C, 68.71; H, 9.80; N, 6.33. 
Found: C, 68.70; H, 9.77; N, 6.20. 4-H: Mp 132 °C. Anal. Calcd for C38H64BrN30 (0.3 H2O): C, 68.71; H, 
9.80; N, 6.33. Found: C, 68.70; H, 9.77; N, 6.20. 4-F: Mp 105 °C. Anal. Calcd for C38H63BrFN30: C, 
67.43; H, 9.38; N, 6.21. Found: C, 67.67; H, 9.51; N, 5.92. 4-CN: Mp 151 °C. C39H63BrN40 (1.2 H2O): 
C, 66.39; H, 9.34; N, 7.74. Found: C, 66.34; H, 9.16; N, 7.88. 4-NO2: Mp 119 °C. Anal. Calcd for 
C3gH63BrN403 (0.4 H2O): C, 58.82; H, 9.22; N, 7.22. Found: C, 58.83; H, 9.07; N, 6.96. 4-OCH3: Mp 
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135 °C. Anal. Calcd for C3QH66BrN3C>2: C, 67.64; H, 9.67; N, 6.07. Found: C, 67.54; H, 9.74; N, 5.98. IV-
N=N-Ph: Mp 151 °C, A smectic phase is formed which turns isotropic at 182 °C. Anal. Calcd for 
C44H68N50Br: C, 70.75; H, 9.18; N, 9.38. Found: C, 71.77; H, 9.31; N, 9.02. 
Ar-[2-Z-(3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Hexadecafluorodecenyl)]-Af-[12(4-
cyanoazobenzene-4'-oxy]dodecyl]-A',A'-dimethylammonium bromide (5) 
An amount of 1 g of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-10-iododecane was dissolved in 20 
mL of a 20 wt% solution of dimethylamine in chloroform. The solution was kept at room temperature for one 
night. The solvent was removed under reduced pressure and the residue was dissolved in dichloromethane and 
extracted with water. The organic layers were dried with MgS04. Yield 100% of N-(i,3,4,4,5,5,6,6,-
7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)-W,W-dimemylamine. 
One equivalent of AK3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)-MAr-dimethylamine and one 
equivalent of 12-bromo-l-(4-cyanoazobenzene-4'-oxy)dodecane were dissolved in acetonitrile and refluxed for 24 
h. During the reaction trans elimination of hydrogen fluoride occured, yielding the trans double bond. After 
cooling, the solvent was evaporated and the residue was purified by column chromatography on aluminum oxide 
(activity grade III) using MeOH/CH2Cl2 3:100 v/v as eluent. Yield 65 %. Mp 132 °C, a smectic phase is 
formed until decomposition occurs at 200 °C. 
!H-NMR (CHCI3, TMS, S, ppm) 1.40 (m, 16 H, 0-CH2-CH2-(CH_2)8-CH2-CH2-N), 1.80 (m, 4H, O-CH2-
CH2-(CH2)8-CH2-CH2-N), 3.47 (s, 6 H, N-(CH3)2 ), 3.60 (m, 2 H, -CH2-CH2-N ), 4.04 (t, 2 H, O-CH2- ), 
4.82(d, 2 H, =CH-CH2-N), 6.15 (dt, 1 H, =CH- , 7 H-F = 40 Hz), 7.00-8.00 (m, 8 H, Ar-H). Anal. Calcd for 
C37H4iBrFi6N30: C, 47.20; H, 4.39; N, 5.95. Found C, 47.93; H, 4.37; N, 5.85. 
4.4.2 Methods 
Vesicles were prepared by sonication of the solid compounds in ultra pure water until clear solutions were 
obtained using a Vibracell sonifier from Sonics and Materials Inc. Giant unilamellar vesicles were prepared by 
allowing 0.1-0.2 mg of crystals of the compounds to hydrate for several minutes in 200 fxl of water at 70-80 °C. 
The Krafft temperature was determined by heating an aqueous dispersion of the crystalline material. The 
temperature at which the formation of bilayer structures was observed by light microscopy was taken as the 
Krafft point. The sample solutions for the Differential Scanning Calorimetry (DSC) measurements (Perkin 
Elmer DSC 7) consisted of a 1 % (w/w) vesicle dispersion in water prepared by sonication. Scanning rates of 10 
"C/min were used. X-ray reflectivity patterns were obtained from films which were prepared by casting a vesicle 
solution onto silicon wavers. The measurements were carried out with a Philips PW1710 diffractometer equipped 
with a Cu LFF X-ray tube at 40 kK and 55 mA. Electron microscopy was carried out for samples that were 
negatively stained with a 1 % aqueous uranyl acetate solution. 
Monomer transfer experiments were performed by mixing sonicated vesicle dispersions of the amphotropes (0.05 
mM) with vesicle dispersions of didodecyldimethylammonium bromide in thermostatted cuvettes at 23 °C. The 
rate of the monomer transfer was monitored by the changes in the UV absorption spectrum at 366 nm as a 
function of time. 
The monolayer experiments were performed using a Lauda FW2 trough filled with ultrapure water. The 
monolayers were spread from chloroform solutions (ca. 1 mg/ml) using a Hamilton syringe. After spreading the 
monolayer was allowed to equilibrate for 5 minutes. A compression rate of 1000 cm^/h was used. 
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Abstract 
A series of novel double chained amphiphiles carrying two 
cyanobiphenylyloxy mesogenic units at the termini of both alkyl chains 
and ammonium, phosphate and sulfonate headgroups were synthesized. 
All these new compounds show thermotropic liquid crystalline 
behavior. Several of these compounds form bilayer aggregates in water. 
From UV spectroscopy and small angle X-ray reflectivity it is inferred 
that the mesogenic units form interdigitated H-aggregates in the bilayer 
assemblies. These bilayers exhibit a gel-to-liquid crystalline phase 
transition as can be observed by Differential Scanning Calorimetry. 
The cyanobiphenylyloxy unit is found to be a good fluorescent probe 
for the micropolarity and molecular mobility in the various lyotropic 
phases. 
Upon spreading these molecules at the water-air interface of a 
Langmuir-Blodgett trough an unusual high lift-off area of about 200-
250 À2/molecule is observed in the surface pressure-area isotherms. 
This is associated with a situation in which the molecules lie flat on the 
surface. When the available area is reduced to about 40 ÂVmolecule a 
situation is obtained in which the tails are in a close-packed 
arrangement. 
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5.1 Introduction 
Amphiphiles in water can exist in various forms such as molecular dispersions, micelles, 
bilayers and microcrystals. Furthermore, they may form monolayers at the water-air interface. 
Usually amphiphiles containing one alkyl chain form micelles whereas those with two alkyl 
chains form bilayer aggregates. 
Shimomural and Okahata^ have shown that single chained amphiphiles which possess a rigid 
aromatic group are able to form bilayers. For good bilayer forming properties these amphiphiles 
must have the aromatic moiety somewhere in the middle of the alkyl chain or near the 
headgroup and in addition a sufficiently long alkyl tail is required. 
Until now only a few studies have been performed on the aggregation behavior of double 
chained amphiphiles with rigid aromatic groups at the termini of both alkyl chains. Therefore, 
we have initiated a study to explore the aggregation behavior of a series of novel compounds 
having this structural characteristic. 
As a rigid segment the 4-cyanobiphenylyl-4'-oxy moiety was chosen because of its special 
spectroscopic properties. Consisting of a donor-Jt-acceptor system this chromophore shows 
extensive solvatochromic shifts in its fluorescence and UV absorption maximum which makes 
it useful for intrinsically probing the micropolarity of various lyotropic phases. Furthermore, 
the 4-cyanobiphenylyl-4'-oxy unit is a conventional thermotropic moiety (mesogenic unit). 
In this chapter a study on the thermotropic phase behavior and aggregation behavior in water 
and at the water-air interface of these novel double chained amphiphiles with incorporated 4-
cyanobiphenylyl-4'-oxy units is presented. 
5.2 Results and discussion 
5.2.1 Thermotropic properties 
The compounds were synthesized and purified by conventional methods (see Experimental 
section) and their molecular structures are given in Scheme 1. The thermotropic phase transition 
temperatures of these compounds were investigated by hot-stage polarization microscopy and 
differential scanning calorimetry (Table 1). All the compounds 1 exhibit a monotropic liquid 
crystalline (LC) phase upon cooling from the isotropic phase. From the observed thread-like 
and Schlieren textures between crossed polarizers the liquid crystalline phase is assigned to be 
nematic for all the compounds 1 except for 1(12,12). Compound 1(12,12) shows a fan-shaped 
focal-conic texture which is typical of a smectic A phase. Probably, the longer alkyl chains 
induce the formation of the more ordered smectic phase. For all compounds 1 the liquid 
crystalline to isotropic transition lies around 110 °C. This temperature seems to be dominated by 
the mesogenic units. The melting point (crystal to isotropic transition) is however strongly 
affected by the length of the alkyl chains. 
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Scheme I. Investigated compounds 1-5. 
Table 1. Melting points (Mp) and liquid crystalline to isotropic (LC-I) phase transitbn temperatures of 
the compounds 1-5. (N) = nematic, (S) = smectic A. 
Compound 
1(6 ,6) 
1(8 ,8) 
1 (10 ,10) 
1 (12 ,12) 
1 (6 ,12) 
1(8 ,12) 
Mp CC) 
198 
145 
117 
142 
169 
137 
LC-I (°C) 
107 (N) 
110(N) 
111 (N) 
108 (S) 
107 (N) 
107 (N) 
Compound 
1(10,12) 
2 
3 
4 
5 
Mp (°C) 
120 
110 
60 
110 
75 
LC-I (°C) 
109 (N) 
47 (N) 
111 (S) 
78 (N) 
189 (S) 
The phosphate amphotrope 3 and the sulfonatesuccinyl amphotrope 5 both show enantiotropic 
smectic A phases. The maleic acid diester 4, which is the precursor of 5, however shows a 
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monotropic nematic phase. The introduction of the ionic headgroup therefore induces the 
formation of a layered smectic phase. 
Figure 1. Optical polarizing micrographs of a smectic A phase of 5 (above) and the monotropic 
nematic phase of 1(10,10) (below). 
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47.7 Â 
Figure 2. Schematic repre-
sentation of the bilayer 
structure of 1(12,12). 
5.2.2 Aggregation behavior in water 
When compounds 1(6,6) and 1(8,8) are sonicated in water 
no clear dispersions are obtained. Compounds 1(6,12) and 
1(8,12) do give translucent dispersions by this method but 
crystallization is observed within a few hours standing at 
room temperature. Only 1(10,10), 1(10,12) and 1(12,12) 
give stable, clear dispersions upon sonication. The presence 
of bilayer vesicles in these dispersions has been observed by 
electron microscopy (see Figure 4). 
The bilayer thickness of 1(12,12) is 47.7 Â as was 
determined by small angle X-ray reflectivity of vesicle 
dispersions cast onto silicon wafers. The length of the molecules, as deduced from space filling 
models, is 29 Â. This could mean that interdigitation of the aromatic units occurs in the bilayer, 
because the bilayer thickness is less than twice the molecular length. Interdigitation of 
mesogenic units is frequently found for thermotropic liquid crystals both in their crystal 
structure and in their liquid crystalline phase.3 A schematic representation of this structure is 
given in Figure 2. 
0.8-
260 280 300 320 
wavelength (nm) 
r 
340 
360 
Figure 3. UV absorption spectra of 1(10,10) ( ) and 1(12,12) (-- ) as vesicles in water and as 
monomers in ethanol (•••• ) . Concentration = 0.05 mM at23 °C. 
Figure 3 shows the UV absorption spectra of 1(10,10) and 1(12,12) as vesicles in water and as 
monomers in ethanol. As can be seen the monomer absorption is found at 297 nm whereas the 
vesicle absorption maxima of 1(10,10) and 1(12,12) are found at 267 and 259 nm respectively 
According to the molecular exciton model proposed by McRae and Kasha4 this blue shift of the 
ît-TC* absorption band is indicative of linear chromophore aggregates with their transition 
moments (anti)parallel to each other and perpendicular to the stacking direction, so-called H-
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aggregates (see chapter 1.2.2). Vesicles of 1(12,12) show a blue shift of 38 nm whereas 
vesicles of 1(10,10) show a shift of 30 nm. This difference is probably due to a tighter packing 
of the chromophores in the bilayers of the former compound. This might be caused by the 
stronger Van der Waals interactions between dodecyl spacers than between decyl spacers, 
which results in a closer approach of the aromatic units in the interior of the bilayers. Another 
explanation could be that with longer alkyl spacers the mesogens are more decoupled from the 
headgroups which allows a better packing of the mesogens. 
^*äti»4 
Figure 4. (a) Electron micrograph of vesicles of 1(10,10); (b) idem; (c) curved bilayer fragments of 5 
(d) idem, after ageing for one month. All samples were stained with uranyl acetate. 
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Like biomembranes, the bilayers of these novel compounds exhibit a gel to liquid crystalline 
phase transition (at a temperature Tc) as was observed by differential scanning calorimetry 
(DSC). Bilayers of 1(10,10), 1(10,12) and 1(12,12) show phase transitions at 55, 49 and 65 
°C respectively. The transitions are reversible since upon cooling exothermic transitions are 
observed at 19, 20 and 12 °C respectively. The lower Tc of 1(10,12) as compared to that of 
1(10,10) might be caused by a less favorable packing of the mesogens in the bilayer of this 
compound due to the unequal spacer lengths. 
Additional evidence for the formation of bilayer vesicles was obtained from the following 
experiments. When clear vesicle dispersions from 1(10,10) and 1(10,12) are frozen to -20 °C 
and subsequently allowed to melt, the dispersions become very turbid and the presence of 
micro-crystalline material can be readily observed by light microscopy. When these turbid 
suspensions are subsequently heated to 55 °C and 49 °C respectively, while stirring, they 
become translucent again and remain clear even after cooling to room temperature. 
This phenomenon has already been reported and is considered to be strong evidence for the 
presence of bilayer structures.1-5 What probably happens is that by freezing the vesicle 
dispersion the bilayer structure is disrupted by the formation of ice crystals causing 
crystallization of the amphiphilic material. Upon heating the bilayer aggregates are 
reconstituted. 
Also from DSC experiments it is learned that upon heating frozen solutions of 1(10,10) and 
1(10,12) the endothermic peaks at 55 and 49 °C (turbid to translucent) show an increased 
enthalpy change, with respect to an unfrozen vesicle solution. Subsequent cooling and heating 
experiments on the same sample (temperature not below 0 °C) show a restoration of the original 
thermogram. 
Compound 3 does not give clear solutions upon sonication in water of neutral or high pH. 
Compound 5 gives translucent solutions upon sonication in destilled water. The UV absorption 
maximum lies at 259 nm indicating the presence of H-aggregates of the mesogenic units 
Electron microscopy shows the presence of small curved bilayer fragments which exhibit a Tc 
at 60 °C (see Figure 4). 
5.2.3 Mixed amphiphile systems 
The anionic amphotrope 5 readily forms 1:1 complexes with dodecyltrimethylammonium 
bromide. The blue shifted absorption maximum observed for the bilayer fragments of 5 at 259 
nm shifts to 270 nm upon stepwise addition of an equimolar amount of the cationic surfactant 
(Figure 5). This is attributed to the fact that the average distance between the mesogenic units in 
the bilayer increases as a result of the penetration of the dodecyltrimethylammonium bromide 
molecules. The blue shift is even further reduced upon addition of didodecyldimethyl-
ammonium bromide instead of dodecyltrimethylammonium bromide. This is due the fact that 
the double chained cationic amphiphile causes the mesogenic units to be separated even more. 
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The absorption maximum then lies at 287 nm whereas the absorption maximum of the non-
aggregated cyanbiphenylyloxy units lies at 297 nm. Addition of the nonionic surfactant 
polyoxyethylene(23) lauryl ether (Q2E23) to bilayer aggregates of 5 does not result in any 
spectral changes. Not even when a large excess of the nonionic surfactant is added. Either the 
nonionic amphiphiles do not penetrate into the bilayers of 5 or the penetration does not disturb 
the packing of the cyanobiphenylyloxy units in the bilayers. Mixing of these amphiphiles would 
reduce the electrostatic repulsion between the headgroups of 5 and is hence expected to be a 
favorable process. 
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Figure 5. UV absorption spectra of bilayer aggregates of 5 in water; (a) the pure compound (b) in the 
presence of one equivalent of dodecyltrimethylammonium bromide; (c) in the presence of one 
equivalent of didodecyldimethylammonium bromide. 
Addition of one equivalent of the anionic surfactant sodium dodecylsulfate to bilayer vesicles of 
1(12,12) or 1(10,10) causes only minor changes in absorption spectrum. This surfactant 
probably fits well between the cationic surfactants in the bilayer without disturbing the molecule 
packing too much. Addition of several equivalents of the nonionic surfactant Q2E23 to bilayer 
vesicles of 1(12,12) or 1(10,10) causes an instantaneous disappearance of the blue shifted 
absorption maximum and an appearance of the absorption maximum of the non-stacked 
mesogenic units. This is attributed to the formation of mixed micelles of 1(12,12) or 1(10,10) 
and C12E23. 
The different behavior of the cationic bilayers of 1 and the bilayer lamellae of the anionic 
amphiphile 5 upon addition of Q2E23 remains not well understood. A possible explanation 
might be given by the fact that the oligoethyleneoxide part of the nonionic surfactants forms 
complexes with the cationic ammonium headgroups and not with anionic sulfonate groups. 
However, additional studies using titration microcalorimetry are required to verify this 
hypothesis. 
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5.2.4 Fluorescence studies 
The fluorescence spectra of the cyanobiphenylyloxy fluorophore in a series of different solvents 
are given Figure 6. These solvents have different dielectric constants ranging from 78 for water 
to 24.3 for ethanol, 3.4 for chloroform and 1.9 for hexane and PE40/60- The emission maxima 
in these solvents are found at 396, 370, 340 and 336 nm respectively. The large solvatochromic 
shifts are due to the fact that the cyanobiphenylyloxy unit can attain a charge transfer (CT) state 
upon excitation. This CT state is better stabilized in more polar solvents resulting in a red shift 
of the emission maximum. It is observed that the fluorescence yield is not very dependent on 
the polarity of the solvent. 
The fluorescence spectrum of compound 6 (0.01 mM) in a 100 mM aqueous 
hexadecyltrimethylammonium bromide solution (CIÓTAB, cmc = lmM) is equal to the 
spectrum in water with an emission maximum at 396 nm. This means that 6 either hardly enters 
the CT AB micelles or that the cyanobiphenylyloxy units stick out of the micellar core. Also no 
quenching of the fluorescence by the bromide ions was observed. In an aqueous 3 mM C12E23 
solution an emission maximum at 369 nm is observed. This means that the mesogen 
experiences an environment which has a polarity comparable to that of ethanol. Probably, the 
mesogenic units reside in or near the ethyleneoxide region of the Q2E23 micelle. 
In 35 mM vesicle dispersions of the 
dialkyldimethylammonium bromides
 N C _ / = \ _ _ / = = \ _ 0 _ c H —L— Br~~ 
C12C12N+ and Ci8CigN+ the emission ^ — * V _ / 12 24 | 
maxima of 6 are found at 363 nm and 371 
nm respectively. This means that in these bilayer systems the mesogens experience also a fairly 
polar environment comparable to the polarity of ethanol. From polarity probing studies with 
pyrene, it is known that pyrene resides in the pallisade layer, just beneath the Stern layer of the 
bilayer.6-9 Usually an I3/I1 value is observed corresponding to the polarity of ethanol.10 This 
suggests that the cyanobiphenylyloxy mesogen also resides near the Stern layer. Thus a picture 
emerges in which the molecules of 6 lie flat in the pallisade layer, more or less parallel to the 
Stern layer or that they span part of the bilayer. Actually, it is not surprising that the 
cyanobiphenylyloxy unit likes an polar environment because of the presence of hydrophilic oxy 
and cyano substituents. It has also been shown that the compounds 1 preferentially lie flat on 
the water-air interface (see section 5.2.5). This conformation is favored by a positive interaction 
of the mesogens with the aqueous subphase. 
The fact that in bilayers of Ci2Ci2N+ a slighty more apolar environment is found than in 
Ci8Ci8N+ bilayers, might be attributed to the fact that these latter bilayers are in their gel state 
at room temperature whereas Ci2Ci2N+ bilayers are in their liquid crystalline state. Therefore, 
in the CisCisN"1" bilayers the mesogens might be pressed more toward the Stern layer. This has 
also been found with pyrene probing studies.9 
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When compound 6 is dissolved in a 40 mM SDS (sodium dodecylsulfate) solution, the 
fluorescence is quenched with respect to the fluorescence in water and has an emission 
maximum of 371 nm. This is attributed to the formation of ion-pair amphiphiles. These are 1:1 
complexes of 6 and SDS which form very ordered structures, probably bilayers (see section 
2.2.2). In these bilayers the mesogens are parallelly stacked resulting in a quenching of the 
fluorescence. This quenching is predicted for H-aggregates by the exciton theory. 
T l l l l 
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Figure 6. Fluorescence spectra of the 
cyanobiphenylyloxy unit in petroleum ether 
40/60(— J, chloroform(---), ethanol(•••)and 
in water ( —• ). Xexc = 270 nm, OD270 = 0.1. 
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Figure 7. Fluorescence spectra of 1(10,10) 
as vesicles in water ( -- ) and of 6 as 
monomers in water ( — ) . Xexc = 270 nm, 
OD270 = 0.1. 
The fluorescence spectra of compounds 12 
1(10,10) and 6 in water are given in Figure 80 -
7. The critical bilayer concentration of 
1(10,10) is so low that under the employed 
experimental conditions, vesicles are present 
in the aqueous dispersion in the cuvette. This 
is confirmed by the presence of a blue shifted 
UV absorption maximum which is caused by 
the stacking of the mesogens in the bilayer. 
In ethanol an emission spectrum is observed 
which is similar to the spectrum of 6 in 
ethanol. In water the fluorescence of 
1(10,10) is considerably quenched with 
respect to that of 6. The emission wavelength 
maximum lies at 371 nm. This is the 
emission of the H-aggregated fluorophores, also called the exciton emission. 
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Figure 8. Temperature dependence of the 
fluorescence spectra of 1(10,10) as vesicles in 
water. The temperatures are given in °C. 
83 
Chapter S 
The fluorescence of the vesicle dispersion of compound 1(10,10) is very temperature 
dependent (Figure 8). Upon increasing the temperature, the emission is further quenched. A 
strong decrease in fluorescence is observed between 30 and 50 °C. For the emission of 6 in 
water there is no temperature dependence so that the observed spectral changes for 1(10,10) are 
not due to changes in polarity or viscosity of the solvent. Possibly, the increased molecular 
mobility of 1(10,10) at higher temperatures facilitates the formation of nicely stacked structures 
in the excited state causing the emission from the lowest Si level to become more inhibited.11_ 
14
 Increasing the temperature above 50 °C results in the appearance of monomer emission in 
aqueous environment. At these high temperatures the bilayers start to dissolve into water as 
monomers. This is also seen in the UV absorption spectra. 
When molecules of 1(10,10) are solubilized in micelles of C12E23 or CTAB or in Ci2Ci2N+ 
bilayers, there is no interaction between the mesogens in the ground state as is observed by the 
monomer absorption maximum (see also Chapter 7). The fluorescence is however still 
quenched with respect to the fluorescence in ethanol with a maximum at 371 nm. This can be 
attributed to an excimer emission.11"14 Because the dilution of 1(10,10) is very strong, the 
excimer is probably formed intramolecularly. The excimer formation can be explained because 
the two chains of the molecule will tend to remain closely together. Then, the mesogens are also 
situated relatively close to one another resulting in an increased probability of excimer formation 
during the lifetime of the excited species. Compound 1(10,10) in ethanol does not show 
excimer emission indicating that both tails are completely solvated which reduces the encounter 
probability during the lifetime of the excited state. 
5.2.5 Formation of monolayers 
The new amphotropes are hardly soluble in water and are therefore suitable compounds for 
Langmuir-Blodgett (LB) studies. The surface pressure-area (7t-A) isotherms of the symmetric 
compounds 1 are shown in Figure 9. 
Interestingly, these molecules show a high lift-off area of 200-260 Â^/molecule (except for 
1(6,6)). At this point the molecules start to interact. According to model studies this indicates 
that these molecules lie flat on the water surface. This conformation is probably favored by the 
interaction of the hydrophilic cyanobiphenylyloxy substituents with the aqueous subphase.15'16 
When the area is reduced the surface pressure increases until a plateau is reached. At this point 
the cyanobiphenylyloxy substituents are forced out of the water and the area per molecule can 
be reduced without further increase in pressure. When all molecules have adopted the close-
packed arrangement in which the cyanobiphenylyloxy containing hydrocarbon chains are 
pointing towards the air, the surface pressure rises again upon further reduction of the area. 
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Figure 9. Surface pressure-area isotherms of the symmetric compounds 1. 
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Figure 10. Surface pressure-area isotherms of the asymmetric compounds 1. 
A minimal spacer length of eight methylene units is required for these molecules to lie flat on 
the water surface as is deduced from absence of a plateau in the isotherm of 1(6,6). 
Furthermore, it would be expected that compound 1(12,12) would show a larger lift off area 
than 1(10,10). That this is not observed may be due to the possibility of the dodecyl spacers to 
bend away from the subphase thus reducing contact area of the molecules with the water 
surface. This result is confirmed by measurements of the headgroup area of gemini 
surfactants.17 In this study a maximum headgroup area is observed for a spacer between the 
headgroups of eleven methylene units. Using longer spacers results in a backfolding of the 
spacer thus reducing the headgroup area. 
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The monolayer of 1(8,8) in the close-packed arrangement finally collapses at a surface pressure 
(TCC =19 mN/m) slightly above the plateau value, when a compression speed of 15 cm^/min is 
used. The monolayer of 1(10,10) is somewhat more resistant and has a Jtc = 22 mN/m. The 
monolayer of 1(12,12) is the most stable having a 7tc of 30 mN/m. Addition of salt (0.1 M 
NaBr) to the subphase results in a substantial increase of îtc, probably caused by screening of 
the headgroup repulsions. At the collapse point the area per molecule is reduced to 
approximately 15 Â2/molecule followed by a increase in surface pressure. This corresponds to 
an organized folding over of the monolayer to give a triple layer.18-19 Subsequent expansion-
recompression experiments show that the 7t-A isotherms are reversible after the collapse has 
occurred. 
The asymmetric compounds 1(6,12), 1(8,12) and 1(10,12) were also subjected to 7t-A 
measurements (Figure 10). An obvious increase in lift-off area is observed with increasing 
spacer length. All monolayers have a Ttc that lies slightly above the plateau value. The 
asymmetry of the molecules obviously reduces the physical stability of the monolayer. 
When the molecules 1 are in the close-packed arrangement they occupy an area of 
approximately 40 Â^/molecule. This area is in the same range as that of double chained 
amphiphiles without aromatic moieties in their alkyl chains. This means that the cross section of 
a cyanobiphenylyloxy unit is not much larger to that of an alkyl chain segment. Because the 
shape of the molecule is not affected much by the incorporation of these rigid segments the 
morphology of the aggregates in aqueous environment is not expected to be altered much either. 
Indeed, as discussed above, these molecules are found to form stable bilayer vesicles in water. 
Compound 2, which has octyl spacers and 
an extra dodecyl chain, has the same lift-off 
area as compound 1(8,8) in its 7t-A isotherm 
(Figure 11). This means that the dodecyl 
chain probably points into the air when the 
molecules start to interact. The plateau value 
of the surface pressure lies however much 
higher for 2 than for 1(8,8). This means 
that a higher pressure is needed to remove 
the mesogens from the subphase. This is 
explained by assuming that the dodecyl tail, 
Figure 11. n-A Isotherms of 1(8,8) and 2.
 w h i c h p o i n t s a w a y f r o m { h e s u b p h a s e > 
forces the mesogen carrying tails on the water, because the tails are tetrahedrally positioned 
around the central nitrogen atom. 
The amphotropes 3 and 5 also lie flat on the water surface. The monolayers however collapse 
in an early stage of the compression process. Addition of salts or changing of the pH of the 
subphase does not stabilize these monolayers. 
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5.3 Conclusions 
Introduction of mesogenic 4'-cyanobiphenylyl-4-oxy units into double chained amphiphiles 
renders these molecules amphotropic. All ammonium compounds 1 show monotropic liquid 
crystalline behavior. Changing the spacer length affects the melting point whereas the isotropic 
to liquid crystalline transition temperature is almost unaffected. The phosphate (3) and 
sulfonatosuccinate (5) compounds show enantiotropic smectic A phases. 
Upon sonication of the new amphotropic molecules 1 (n or m > 8) and 5 in water bilayer 
aggregates are formed. Compounds 1 form vesicles whereas 5 forms curved bilayer fragments. 
UV absorption spectroscopy indicates the formation of H-aggregates of the mesogenic units in 
these bilayer structures. The penetration of oppositely charged surfactants into these bilayers 
can disturb the aggregation of the cyanobiphenylyloxy units. Fluorescense studies show that 
when these amphotropes are dissolved into micelles or bilayers of other surfactants, the 
mesogenic units preferentially lie close to the Stern layer. Also the formation of excimers of the 
double chained amphotropes 1 is observed. 
Upon spreading the amphotropic molecules 1 at the water-air interface, the molecules are 
initially completely stretched on the water surface favored by a three point interaction of the 
ammonium headgroup and both cyanobiphenylyloxy moieties with the subphase. Upon 
compression the cyanobiphenylyloxy-alkyl chains are lifted from the interface and finally a 
close-packed arrangement is obtained at an area of about 40 Â^/molecule. 
The phosphate and sulfonate amphotropes 3 and 5 do not give stable monolayers. 
5.4 Experimental Section 
5.4.1 Synthesis 
The synthesis of the amphiphiles is outlined in Scheme 1. 
4-Hydroxy-4'-cyanobiphenyl was obtained from Merck and used without further purification. (0-Bromo-l-(4-
cyanobiphenylyl-4'-oxy)alkanes were synthesized as described in chapter 2. 
iV-[<ö(4-Cyanobiphenylyl-4'-oxy)alkyl]-iV,iV-dimethylamiiie 
15 mmol of dimethylamine was added as a 20% (w/v) solution of dimethylamine in chloroform to a solution of 
(0-bromo-l-(4-cyanobiphenylyl-4'-oxy)alkane (3 mmol) in 5 mL of chloroform. After 21 h at room temperature 
the solvent was evaporated. The residue was dissolved in 50 mL of diethyl ether and extracted with 2 x 100 mL 
of 1 M aqueous HCl solution. The acidic water layers were made alkaline by addition of a concentrated NaOH 
solution. The water layers were extracted with 3 x 100 mL of diethyl ether and the collected organic layers were 
dried on MgSC>4, filtered and the diethyl ether was evaporated. The residue was recrystallized from hexane (-20 
°C). Yield 10-50%. 
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iV,N-Di[ffl-(4-cyanobiphenylyl-4'-oxy)alkyl]-Af,N-dimethylaminoiiium bromide (1) 
0.5 mmol of (0-bromo-l-(4-cyanobiphenylyl-4'-oxy)alkane and 0.7 mmol of iV-[co(4-cyanobiphenylyl-4'-
oxy)alkyl]-MN-dimethylamine were dissolved in 10 mL of acetone. This solution was refluxed for 20 h. A white 
precipitate was formed which was collected and washed with diethyl ether. Yield 60-70 %. 1(6,6) Mp. 197 °C. 
Tl-LC 107° C. Anal. Calcd for C4oH46N302Br: C, 70.57; H, 6.81; N, 6.17. Found C, 70.76; H, 6.80; N, 
6.46. 1(8,8) Mp. 145 °C. TT_LC HO °C. Anal. Calcd for C44H54N3O2B r(lH20): C, 70.00; H, 7.47; N, 5.56. 
Found: C, 70.08; H, 7.52; N, 5.54. 1(10,10) Mp. 117 °C. TI_LC H I °C. Anal. Calcd for C48H62N3Û2Br 
(IH2O): C, 71.08; H, 7.95; N, 5.18. Found: C, 71.30; H, 7.95; N, 5.28. 1(12,12) Mp. 142 °C. TT-LC 108 "C 
Anal. Calcd for C52H7oN3C>2Br (IH2O): C, 72.02; H, 8.37; N, 4.84. Found: C, 72.21; H, 8.39; N, 4.89. 
1(6,12) Mp. 169 °C. TT.LC 107 °C. Anal. Calcd for C46Hs8N302Br (IH2O): C, 70.56; H, 7.72; N, 5.36. 
Found: C, 70.31; H, 7.75; N, 5.06. 1(8,12) Mp. 137 °C. TT-LC 107 °C. Anal. Calcd for C48H62N3C»2Br: C, 
72.70; H, 7.88; N, 5.29. Found: C, 72.37; H, 8.04; N, 5.19. 1(10,12) Mp. 120 °C. T M X 109 °C. Anal. Calcd 
for C5oH66N302Br (O.5H2O): C, 72.35; H, 8.13; N, 5.06. Found: C, 72.45; H, 8.40; N, 4.91. 
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iV,/V-Di[8-(4-cyanobiphenylyl-4'-oxy)octyl]-iV-dodecyl-iV-methylammonium bromide (2) 
A mixture of /V-dodecy l-/V-methylamine and a twofold excess of 8-bromo-1 -(4-cyanobiphenylyl-4'-oxy)octane and 
NaHC03 in ethanol was heated for 72 h at 100 °C in a closed reaction vessel. The solvent was removed under 
reduced pressure and the residue was dissolved in CH2CI2 and the salt was removed by filtration. The filtrate was 
concentrated to a small volume and the product was precipitated in diethyl ether. The product was purified by 
column chromatography on silica gel using CH2Cl2-MeOH 100:15 (v/v) as eluent. Yield 70 %. Mp. 110 °C. 
Tl-LC47°C. 
*H-NMR (CDCI3, TMS, 5, ppm); 0.90 (t, 3 H, C11H22-CH.3), 1.20 (m, 16 H, CH3-(CE2)8-CH2-N), 1.40 
(m, 16 H, 0-CH2-CH2-(CH2)4-CH2-CH2-N), 1.70 (m, 10 H, -CH2-CH2-N, O-CH2-CH2). 3.30 (s, 3 H, N-
CH3), 3.40 (m, 6 H, -CH2-N), 3.96 (t, 4 H, 0-CH2-), 6.90-7.78 (m, 16 H, Ar-H). 
Anal. Calcd for C55H76N302Br: C, 74.13; H, 8.60; N, 4.72. Found: C, 73.75; H, 8.72; N, 4.44. 
ll-(4-Cyanobiphenylyl-4'oxy)undecanol 
One equivalent of 4'-cyano-4-hydroxybiphenyl and one equivalent of 11-bromoundecanol, one equivalent of KOH 
and a catalytic amount of KI in ethanol was refluxed for 16 h. The solvent was removed under reduced pressure. 
The residue was treated with dichloromethane and the salt was removed by filtration. The filtrate was reduced to a 
small volume and the product was precipitated in petroleum ether (bp. 40-60 °C). Yield 95%. Mp. 92 °C. 
!H-NMR (CDCI3, TMS, 8, ppm); 1.49 (m, 14 H, CH2-CH2-(CH.2)7-CH2-CH2), 1.60-2.00 (m, 4 H, CH2-
CH2-(CH2)7-CH2-CH2), 3,45 (t, 2 H, -CH.2-OH), 4.00 (t, 2 H, O-CH2,) 6.9-7.8 (m, 16 H, Ar-H). 
Di[ll-(4-cyanobiphenylyl-4'-oxy)undecyl]phosphoric acid (3) 
A mixture of 0.5 g (3.3 mmol) of POCI3 and 2.4 g (6.6 mmol) of ll-(4-cyanobiphenylyl-4'-oxy)undecanol in 
100 mL of benzene was refluxed for 16 h. The solvent was removed under reduced pressure and the residue was 
treated with an aqueous 2 M NaOH solution. The mixture was stirred until the sticky substance became powdery. 
The solid was washed several times with water and with acetone. The compound was dissolved in 
dichloromethane and an equal volume of 1 M HCl solution was added. The mixture was stirred for 1 h. The 
organic layer was separated and dried on MgSC>4 and the solvent was evaporated. The solid was purified by 
column chromatography on silica gel using CH2Cl2/MeOH 4:1 (v/v) as eluent. The compound was redissolved 
in dichloromethane and stirred for 1 h with an equal volume of 1 M HCl solution. The organic layer was 
separated and dried on MgSC>4 and the solvent was evaporated. Yield 10 %. Mp. 60 °C, TLC-I 111 °C. 
! H - N M R (CDCI3, TMS, 5, ppm); 1.49 (m, 28 H, CH2-CH2-(CH2)7-CH2-CH2), 1.60-2.00 (m, 8 H, CH2-
CH2-(CH2)7-CH2-CH2), 4.00 (m, 8 H, O-CH2,- P-O-CH2-) 6.9-7.8 (m, 16 H, Ar-H). Anal. Calcd for 
C48H61N2O6P: C, 72.70; H, 7.72; N, 3.53. Found: C, 72.58; H, 7.78; N, 3.62. 
Di[ll-(4-cyanobiphenylyl-4'-oxy)undecyl]maleate (4) 
A mixture of 8 g (22 mmol) of 11-(4-cyanobiphenylyl-4'-oxy)undecanol, 0.88 g (9 mmol) of maleic acid 
anhydride and 0.3 g of p-toluenesulfonic acid in chloroform was refluxed for one night. The water was trapped by 
continuous extraction in a Soxleth apparatus with aluminum oxide as desiccant. The solvent was evaporated and 
the crude product was purified by column chromatography on aluminum oxide (activity grade III) using 
CH2Cl2/petroleum ether (bp. 40-60 °C) 1:1 v/v as eluent. Yield 80 %. Mp. 110 °C, TT_LC 78 °C. 
!H-NMR (CDCI3, TMS, 8, ppm); 1.3 (m, 28 H, CH2-CH2-(CH2)7-CH2-CH2), 1.56-1.90 (m, 8 H, CH2-
CH2-(CH2)7-CH2-CH2), 4.00 (t, 4 H, O-CH2), 4.20 (t, 4 H, CH2-OOC-), 6.22 (2, 2 H, H-C=C-H), 6.9-7.8 
(m, 16 H, Ar-H). Anal. Calcd for C52H62N2O6: C, 77.00; H, 7.71; N, 3.45. Found: C, 76.79; H, 7.77; N, 
3.33. 
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Sodium di[ll-(4-cyanobiphenylyl-4'-oxy)undecyl]-2-sulfonatosuccinate (5) 
A mixture of 0.8 g (1 mmol) of 4 and a tenfold excess of NaHSC>3 was suspended in 2-propanol/water/THF 
4:1:1 and refluxed for 24 h. The solvent was evaporated and the residue was dissolved in 50 mL of CH2CI2 and 
an equal volume of water was added. This mixture was stirred for a few minutes. The organic layer was separated 
and dried over MgS04. The product was purified by column chromatography on silica gel using CH2Cl2/MeOH 
20:1 v/v as eluent. Yield 30 %. Mp. 75 °C. TLC-I 189 °C. 
^ - N M R (CDCI3, TMS, 5, ppm); 1.3 (m, 28 H, CH2-CH2-(CH2)7-CH2-CH2), 1.56-1.90 (m, 8 H, CH2-
CH2-(CH2)7-CH2-CH2), 3.15 (dd, 2 H, OOC-CH2-), 3.96 (t, 4 H, Ar-0-CH2), 4.06 (t, 2 H, -CH2-OCO-
CHS03Na) 4.21 (t, 2 H, -CH2-OCO-C), 4.35 (t, 1 H, CH2-OOC-CH(SC>3H)), 6.9-7.8 (m, 16 H, Ar-H). 
Anal. Calcd for C52H63N2O9S Na(2H20): C, 65.66; H, 7.10; N, 2.95. Found: C, 65.44; H, 6.86; N, 2.87. 
5.4.2 Methods 
Vesicle solutions were prepared by sonication of the insoluble compounds in ultrapure water using a vibracell 
sonifier by Sonics and Materials Inc. Electron microscopy (Jeol 1200 EX II electron microscope) was carried out 
for samples that were negatively stained with 1% uranyl acetate. Polarization microscopy was performed using 
an Olympus BH-2 microscope equipped with a Mettler FP82HT hot stage and a FP80HT temperature controller. 
The sample solutions for the DSC measurements (Perkin Elmer DSC 7) consisted of a 0.5 % (w/w) vesicle 
suspension prepared by sonication. A scan rate of 10 °C/min was used. The fluorescence spectra were recorded 
from samples which had a optical density of 0.1 at the excitation wavelength of 270 nm. A cut-off filter of 290 
nm was placed between the lamp and the sample. 
The 7C-A isotherms were recorded on a Lauda Filmwaage FW2, which was thermostatted at 20 °C. The water used 
for the subphase was purified by filtration through a Seralpur pro 90C purification system. The amphiphiles 
were spread from chloroform solutions (1 mg/ml) onto the aqueous subphase by use of a Hamilton syringe. 
After spreading, the monolayer was allowed to equilibrate for 10 minutes before compression started. The area 
was reduced at a speed of 15 cm^/min. All measurements were performed at least in duplo. 
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Chapter 6 
Abstract 
Two novel polymerizable double chained ammonium amphiphiles 
carrying mesogenic cyanobiphenylyloxy units have been synthesized 
containing methacrylate in the headgroup or diacetylene units in the 
hydrophobic tails. These compounds form (bilayer) aggregates upon 
sonication in water. Polymerization increases the stability of these 
aggregates towards solubilization by a nonionic surfactant. The 
stacking of the cyanobiphenylyloxy units in the aggregates is directly 
monitored by the extent of the blue shift of the absorption maximum. 
Upon polymerization a decrease in blue shift is observed reflecting a 
decrease in the ordering of the amphiphile molecules. This effect is 
stronger when polymerization occurs in the hydrophobic tails than in 
the headgroup region. 
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6.1 Introduction 
A wide range of natural lipids and synthetic amphipiles form bilayer vesicles in water. These 
vesicles have attracted much attention as potential drug delivery systems.1-3 A problem 
encountered in the application of vesicles is their instability. The stability of vesicles can 
however be increased by using polymerizable amphiphiles and subsequent polymerization of 
the formed bilayer vesicles. Especially Ringsdorf et al. developed several methods to 
polymerize vesicles.4-7 Photopolymerization has been proven to be a convenient way to 
stabilize bilayer structures. 
The previous chapter describes a study on double chained ammonium amphiphiles carrying 
terminal cyanobiphenylyloxy units.8"1*5 These compounds form bilayer vesicles in which the 
aromatic units form H-aggregates resulting in a blue shift of the UV absorption maximum. The 
blue shift is very sensitive to the distance between the aromatic units and their mutual 
orientation.11-12 It can therefore be used as a probe to monitor the stacking of the 
cyanobiphenylyloxy units in the bilayers. The degree of stacking is directly related to the 
ordering of the amphiphiles in the bilayer. 
This chapter presents the synthesis of novel amphiphiles carrying terminal cyanobiphenylyloxy 
units and polymerizable methacrylate or diacetylene units. The change in the ordering of the 
molecules in the (bilayer) aggregates upon polymerization has been monitored with UV 
spectroscopy and differential scanning calorimetry. Also the stability of the aggregates towards 
solubilization by nonionic surfactants was investigated using UV spectroscopy. 
6.2 Results and Discussion 
The investigated compounds and synthetic routes are given in Schemes 1 and 2. In compound 3 
a polymerizable methacrylate ester was introduced in the headgroup of the molecule. Compound 
4 contains polymerizable diacetylene units in the hydrophobic tails of the molecule. The 
aggregation properties of these compounds have been compared with those of the non-
polymerizable molecules 1 and 2. 
6.2.1 Thermotropic properties 
All the investigated compounds exhibit thermotropic liquid crystalline phases of the smectic A 
type except for 1 which is nematic, as was observed by polarization microscopy (see also 
Chapter 5). Compounds 1 and 2 show monotropic liquid crystalline phases and have melting 
points at 117 °C and 142 °C respectively. Upon cooling from the isotropic phase the liquid 
crystalline phases are formed at 111 °C and 108 °C respectively. 
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Scheme 1. Molecular structures of compounds 1 and 2 and the synthetic route to 3 and its polymer. 
Compounds 3b and 3 exhibit an enantiotropic smectic A phase with melting points at 86 °C and 
60 °C and clearing points at 109 °C and 104 °C respectively. This shows that the melting point is 
strongly lowered by the introduction of a bulky group in the headgroup region. The liquid 
crystalline to isotropic phase transition temperature is however hardly affected by this 
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modification and seems to be dominated by the mesogenic cyanobiphenylyloxy units and the 
alkyl spacers. Compound 4 melts at 63 °C and goes through a very short (1-2 °C) smectic traject 
before it turns isotropic. Upon cooling from the isotropic phase the smectic A phase is formed 
at 63 °C (see also Table 1 on page 101). 
After lyophilizing the polymerized aqueous dispersions of 3 and 4, the clearing points of the 
solid materials had increased considerably. For compound 3 the clearing point increased from 
104 °C to 143 °C and for compound 4 from 63 °C to 140 °C. 
Br-(CH2)4 = = (CH2)4-Br 
N
° -0~0~O H 
N C _ V J > ~ \ / ~ 0 ~ ( C H Z ) 4 ~ = (C H2>4~B r 
NHMe2 4 a 
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Scheme 2. Molecular structure and synthetic route to compound 4 and its polymer. 
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6.2.2 Lyotropic properties 
The investigated compounds 1,2 and 3 form bilayer vesicles in water. Upon sonication of the 
pure compounds in water small vesicles with diameters ranging from 50 to 200 nm are formed 
as can be observed by electron microscopy and by dynamic light scattering measurements. 
Giant vesicles can also be prepared by allowing the solid compounds to hydrate above their 
Krafft temperature (i.e. the melting point of the hydrated crystals14). The giant vesicles can 
easily be observed with optical microscopy. Compound 4 also forms giant vesicles upon 
hydration at 70 °C. The aged sonicated samples however show predominantly thread-like 
structures (see Figure 1). These threads have a diameter of approximately 70 Â which is close 
to a bilayer thickness and seem to have a helical twist. The sonicated aqueous dispersions of 3 
and 4 were polymerized by irradiation with UV light of 254 nm. The cyanobiphenylyloxy unit 
is stable towards this radiation as was confirmed by prolonged irradiation of the 
nonpolymerizable vesicles of 1 and 2. Upon polymerization of vesicles of 3, the turbidity of 
the vesicle dispersion increases. Upon polymerization of a dispersion of 4 the initially pale 
solution becomes orange due to the formation of the conjugated polymer backbone (see Scheme 
2). The aggregate structure is preserved upon polymerization. Figure 2 shows micrographs of 
giant vesicles of 3 before and after polymerization. Upon polymerization the vesicle surface 
becomes more corrugated. This is probably due to the strain imposed on the system by the 
formation of the polymer backbones. 
Figure 1. Cryo-electron micrograph of a sonicated dispersion of 4 in water. 
96 
Polymerizable amphotiopes 
-T 
«*&»>*.*" ' ; \?.if%; 
10 urn 
Figure 2. Optical micrographs of different giant vesicles of 3 before (a) and after (b) polymerization 
and after addition of an excess ofC-\2^23 to the polymerized vesicles (c). 
In the previous chapter we have seen the UV absorption spectra of compounds 1 and 2 as 
vesicles and as monomers in ethanol (Chapter 5, Figure 3). The monomer absorption is found 
at 297 nm whereas the vesicle absorption maxima of 1 and 2 are found at 267 and 259 nm 
respectively. Furthermore, the aggregated chromophores have a somewhat lower extinction 
coefficient than the free chromophores. According to the molecular exciton model proposed by 
Kasha11'12, this blue shift of the absorption maximum is indicative of linear chromophore 
aggregates with their transition moments dipoles parallel to each other and perpendicular to the 
stacking direction (so-called H-aggregates). The spectral shift (in wavenumber Ai)) is given by: 
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in which ß is the transition dipole moment of the chromophores, which lies along the long axis 
of the chromophores, and r is the center to center distance between the chromophores. The 
angle or is the angle between the transition dipole moments and the line between the 
chromophore centers. Wis the number of interacting chromophores in the bilayer, h is Planck's 
constant and c the speed of light. 
Previous X-ray reflectivity experiments confirmed H-aggregation of interdigitated 
cyanobiphenylyloxy units in the bilayers of compound 210 (see also Chapter 5). Shimomura et 
al.12 reported that single chained ammonium amphiphiles of the type headgroup-spacer-
azobenzene-tail form bilayer structures. When the tail is short relative to the spacer H-
aggregates of interdigitated azobenzene units were found. Also Song et a/.15-17 reported the 
formation of H-aggregates in bilayers of phosphatidylcholines with azobenzene or stilbene units 
at the termini of the hydrophobic tails. This suggests that these terminal mesogenic units have 
the tendency to form interdigitated structures with the orientation of their transition dipole 
moments more or less perpendicular to the stacking direction. 
The different blue shifts which are observed for the bilayer vesicles of 1 and 2 can be attributed 
to either different stacking distances or different tilt angles or different aggregation numbers. 
Because parallel stacking of these mesogens seems to be the most favorable configuration, the 
tilt angle is assumed to be approximately zero in all cases (a = 90°). Because the aggregation 
numbers are thought to be rather large, this parameter is expected to hardly affect the extent of 
blue shifting. The stacking distance therefore seems to be the most important parameter in 
determining the spectral differences. 
This means that in the bilayers of compound 2 the cyanobiphenylyloxy units are more closely 
packed than in the bilayers of 1 as is shown by the stronger blue shift of the absorption 
maximum. This could be due to a better decoupling of the aromatic units from the headgroup by 
the longer alkyl spacers or due to stronger Van der Waals attraction between dodecyl spacers 
than between decyl spacers. The better molecular ordering in the vesicle bilayers of 2 as 
compared to that of 1 is also exhibited by the higher 'gel to liquid crystalline' phase transition 
temperature (Tc) which is found at 65 °C for 2 and at 55 °C for 1, as was measured by 
differential scanning calorimetry (DSC). 
If we assume a closest stacking distance r of 3.5 Â for the cyanobiphenylyloxy units in the 
bilayers of 2, using equation (1) a stacking distance of 3.8 Â can be calculated in the bilayers of 
1, provided that the chromophores maintain their arrangement perpendicular to the stacking 
direction and have large aggregation numbers. 
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Figure 3. UV absorption spectra of vesicles of compound 3, before (a, solid line) and after (a', 
dashed line) addition of C12E23. UV absorption spectra of polymerized vesicles of compound 3, 
before (b, solid line) and after (b', dashed line) addition of C12E23. [3] =7.4x10~5 M 
Figure 3 shows the UV absorption spectra of vesicles of compound 3 before and after 
polymerization. Before polymerization the absorption maximum lies at 277 nm. This is 10 nm 
less blue shifted than for vesicles of compound 1, reflecting a decreased degree of order for the 
bilayers of this compound. A stacking distance of 4.4 Â can be calculated for parallel 
chromophores, assuming that all other parameters are the same as in the vesicles of 2. It is 
however realized that the increased stacking distance might induce tilting of the chromophores. 
This decrease in order is due to the bulky and less symmetrical headgroup of 3 as compared to 
that of 1. Steric hindrance between the headgroups hampers an optimal packing of the 
hydrophobic chains. This is also reflected in the Krafft point of these compounds which lies 
around room temperature for 3 and at 55 °C for 1. The Krafft temperature depends, amongst 
other factors, on the ease by which the molecules can pack in a crystal lattice.18 Also no 
cooperative phase transition was measured for the bilayers of 3 with DSC confirming the 
presence of poorly ordered bilayers. 
Upon polymerization the absorption maximum shifts from 277 nm to 282 nm. This means a 
further disordering of the hydrophobic chains because of the strain exerted on the system by the 
newly formed covalent linkages. Using equation (1) a stacking distance of 4.9 Â can be 
calculated for parallel, non-tilted chromophores. The polymerization thus causes an increase of 
the average stacking distance of approximately 0.5 Â. 
Figure 3 also shows the UV absorption spectra of the polymerized and non-polymerized 
vesicles of 3 after addition of the micelle forming surfactant polyoxyethylene(23)lauryl ether 
(C12E23). It was observed that the non-polymerized vesicles are immediately solubilized as 
indicated by the appearance of the monomer spectrum with an absorption maximum at 297 nm. 
99 
Chapter 6 
The spectrum of the polymerized vesicles on the contrary hardly changes upon addition of 
C12E23. There is a small shift from 282 nm to 286 nm indicating that the presence of the 
surfactant is felt but the stacking is not completely lost. Probably, only the non-polymerized 
fraction is solubilized. This shows that the polymerized vesicles are indeed much more resistant 
towards the solubilizing power of surfactants. Studies by optical microscopy confirmed that the 
structure of polymerized giant vesicles is maintained after the addition of C12E23 (see Figure 
2c). 
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Figure 4. UV absorption spectra of aggregates of compound 4, before (a, solid line) and after (a', 
dashed line) addition of Ci2^23- UV absorption spectra of polymerized aggregates of compound 4, 
before (b, solid line) and after (b', dashed line) addition of C-\2^23- [4] = 2.6x1Vs M. 
Figure 4 shows the UV absorption spectra of compound 4 as thread-like aggregates before and 
after polymerization. The polymerization does not affect the thread-like morpology. The 
absorption maximum of the non-polymerized aggregates lies at 264 nm. This is 5 nm less blue 
shifted than for vesicles of compound 2 which has the same structure with saturated alkyl 
spacers. An average stacking distance of 3.7 Â can be calculated versus a stacking distance of 
3.5 Â for bilayers of 2. Apparently, the rigid diacetylene units slightly decrease the packing 
efficiency of this compound. This is also seen as a reduction of the Krafft temperature from 80 
°C for compound 2 to 63 °C for compound 4. The Tc of these aggregates lies at 60 °C which is 
5 °C lower than for bilayers of compound 2. Upon polymerization the absorption maximum 
shifts from 264 nm to 288 nm. This corresponds to a change in stacking distance from 3.7 Â to 
5.9 Â. This dramatic change clearly shows that the molecular packing is heavily disturbed. This 
is of course what would be expected as a result of the diacetylene polymerization mechanism. A 
schematic drawing of the polymer is given in Scheme 2. The phase transition at 60 °C also 
disappears upon polymerization. The small shift of the absorption maximum from 288 nm to 
290 nm after addition of the surfactant C12E23 (see Figure 5) shows that after polymerization 
these aggregates also have increased stability towards solubilization by surfactants. 
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Table I. Melting Points (Mp), Liquid Crystalline-lsotropic Transition Temperatures (T\_c - Ù, Gel-to-
Liquid Crystalline Phase Transition Temperatures (Jc), Krafft Temperatures (TKraWÙ ar*d Absorption 
Maxima of Vesicles (Before and After Polymerization) of Compounds 1-4. 
CompoL 
1 
2 
3b 
3 
4 
nd Mp (°C) 
117 
142 
86 
60 
63 
T(LC-I) 
111 
108 
109 
104 
63 
(°C) Tc (°C) 
55 
65 
t 
t 
60 
TKrafft (°C) 
55 
80 
65 
20 
63 
^max (nm) 
267 
259 
267 
277 => 282 
264 => 288 
t not observed under the employed experimental conditions 
6.3 Conclusions 
Polymerizable double chained ammonium amphiphiles carrying terminal cyanobiphenylyloxy 
units form bilayer vesicles or thread-like aggregates which are characterized by a blue shift of 
the absorption maximum of the aromatic units. This blue shift is a very sensitive probe for the 
packing order of the cyanobiphenylyloxy units in the (bilayer) aggregates. 
The introduction of a bulky group in the headgroup region of the molecule and the introduction 
of rigid diacetylene units in the hydrocarbon tails have a disturbing effect on the molecular 
packing of the molecules in the aggregates as is observed by a reduction of the blue shift. 
Upon polymerization of the aggregates the molecular packing further decreases. This effect is 
stronger when the polymerization is carried out in the hydrocarbon spacers than in the 
headgroup. This result confirms what is intuitively expected. In both cases the polymerized 
aggregates have improved stability towards solubilization by nonionic surfactants. 
6.4 Experimental section 
6.4.1 Synthesis 
4-Hydroxy-4'-cyanobiphenyl was obtained from Merck. The syntheses of jV,iV-di[10-(4-cyanobiphenylyl-4'-
oxy)decyl]-Af,Af-dimethylammonium bromide (1) and iV,A'-di[12-(4-cyanobiphenylyl-4'-oxy)dodecyl]-Jv,W-
dimethylammonium bromide (2) and of 10-bromo-l-(4-cyanobiphenylyl-4'-oxy)decane 3a have been described 
before in Chapter 5 . 8 ' 1 0 
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iV,/V-Di[10-(4-cyanobiphenylyl-4'-oxy)decyl]-iV-hydroxethyl-iV-methylaiiimonium bromide 
(3b) 
A mixture of 0.9 g (2.2 mmol) of 3a8-1 0 , 70 mg (1 mmol) of 2-methylaminoethanol and 0.3 g (2.2 mmol) of 
K2CO3 in 10 mL of acetonitrile was heated at 120 CC for 16 h in a closed reaction vessel. The solvent was 
removed under reduced pressure and the residue was treated with dichloromethane and the salt was filtered off. The 
filtrate was concentrated by evaporation and the product was purified by column chromatography on silica gel 
using CH2Cl2/MeOH 100/12 (v/v) as eluent. Yield 60 %. Mp. 86 °C, a smectic A phase is formed with a 
clearing temperature of 109 °C. 
ÏH-NMR (CDCI3, TMS, 8, ppm); 1.3 (m, 24 H, 0-CH2-CH2-(CH.2)6-CH2-CH2-), 1.8 (m, 8 H, O-CH2-CH2-
, N-CH2-CH2-X 3.2 (s, 3 H, N-CH3), 3.3 (m, 4 H, N-CH2-), 3.7 (m, 2 H, N-CH2-CH2-OH), 3.9 (t, 4 H, Ar-
O-CH2-), 4.6 (m, 2 H, N-CH2-CH2-OH), 5.0 (t ,1 H, -OH), 6.9-7.6 (m, 16 H, Ar-H). 
iV,iV-Di[10-(4-cyanobiphenylyl-4'-oxy)decyl]-iV-{[(l-methylethenyl)carbonyl]oxyethyl}-iV-
methylammonium bromide (3) 
A mixture of 0.6 g (0.7 mmol) of 3b, 0.1 g (1 mmol) of triethylamine and 1 mg of 2,6-di-fert-butyl-4-
methylphenol (polymerization inhibitor) was dissolved in 20 mL of CH2CI2 and cooled in an ice bath. To this 
solution was added dropwise a solution of 0.19 g (2 mmol) of methacryloyl chloride in 3 mL of CH2CI2. The 
mixture was stirred for one night at room temperature under a N2 atmosphere. The reaction mixture was washed 
with an aqueous NaHCÛ3 solution and with a diluted HCl solution. The organic layer was dried over MgSÛ4 
and the solvent was removed under reduced pressure. The product was purified by column chromatography on 
silica gel using CH2Cl2/MeOH 100:12 (v/v) as eluent. Yield 80 %. Mp. 60 °C, a smectic A phase is formed 
with a clearing temperature of 104 °C. 
^ - N M R (CDCI3, TMS, 6, ppm); 1.3 (m, 24 H, 0-CH2-CH2-(CH.2)6-CH2-CH2-), 1.8 (m, 8 H, 0-CH2-CH2-
, N-CH2-CH2-(CH2)8-). 1-9 (s, 3 H, =C-CH3), 3.4 (s, 3 H, N-CH3), 3.5 (m, 4 H, N-CÜ2-(CH2)9-), 3.9 (t, 4 
H, Ar-O-CH.2-), 4.1 (m, 2 H, -CH2-0-C=0), 4.6 (m, 2H, N-CH2-CH2-0-(C=0)-), 5.6 (d, 1 H, C=C-H), 6.1 (d, 
1 H, C=C-H), 6.9-7.6 (m, 16 H, Ar-H). Anal. Calcd. for C53H7D8N3C>4Br: C, 71.44; H, 7.69; N, 4.72. Found: 
C, 71.27; H, 8.01; N, 4.56. 
12-Bromo-l-(4-cyanobiphenylyl-4'-oxy)-5,7-dodecadiyne (4a) 
A mixture of 3.5 g (11 mmol) of l,12-dibromo-5,7-dodecadiyne^, 1.5 g (8 mmol) of 4-hydroxy-4'-
cyanobiphenyl and 1.4 g (10 mmol) of K2CO3 in 15 mL of 2-butanone was refluxed for 16 h. The solvent was 
evaporated and the residue was treated with CH2CI2 and the salt was removed by filtration. After evaporation of 
the solvent, the residue was purified by column chromatography on silica gel using CH2Cl2/hexane 2:3 (v/v) as 
eluent. Yield 60 % . Mp. 97 °C. 
'H-NMR (CDCI3, TMS, 8, ppm); 1,6 (m, 4 H, -CH2-CH2-OC-), 1.9 (m, 4 H, -CH.2-CH2-Br, -CH2-CH2-O), 
2.3 (dt, 4 H, -CH2-C=C-), 3.4 (t, 2 H, -CH2-Br), 4.0 (t, 2 H, -CH2-O-), 6.9-7.6 (m, 8 H, Ar-H). 
/V-[12-(4-CyanobiphenylyI-4'-oxy)-5,7-dodecadiynyl]-iV,JV-dimethylamine (4b) 
Dimethylamine (15 mmol) was added as a 20% (w/v) solution in chloroform to a solution of 1.3 g (3 mmol) of 
4a in 5 mL of chloroform. After 24 h at room temperature the solvent was evaporated to remove the excess of 
dimethylamine. The residue was dissolved in CH2CI2 and washed with water. The organic layer was dried on 
MgSÛ4, filtered and the CH2CI2 was evaporated. Yield 95 %. 
!H-NMR (CDCI3, TMS, 8, ppm); 1,6 (m, 4 H, -CH2-CH2-OC-), 1.9 (m, 4 H, -CH.2-CH2-N, -CH2-CH2-O-
), 2.3 (m, 12 H, -CH2-C=C-, N-CH3, N-CH2-), 4.0 (t, 2 H, -CH2-0-), 6.9-7.6 (m, 8 H, Ar-H). 
102 
Polymerizable amphotropes 
iV,iV-Di[12-(4-cyanobiphenylyl-4'-oxy)-5,7-dodecadiynyl]-iV,iV-dimethylammonium bromide 
(4) 
A mixture of 0.2 g (0.5 mmol) of 4b and 0.29 g (0.7 mmol) of 4a was dissolved of 10 mL of 2-butanone. This 
solution was refluxed for 20 h and the solvent was evaporated. The product was purified by column 
chromatography on aluminum oxide (activity grade HI) using CH2Cl2/MeOH 100:3 (v/v) as eluent. Yield 70%. 
Mp 63 °C, upon cooling a smectic A phase is formed at the same temperature. 
iH-NMR (CDCI3, TMS, Ô, ppm); 1,7 (m, 8 H, -CH2-CH2-CSC-), 1.9 (m, 8 H, -CH2-CH2-N, -CH2-CH2-O-
), 2.4 (dt, 8 H, -CH2-OC-), 3.4 (s, 6 H, N-CH3), 3.6 (m, 4 H, N-CH2-), 4.0 (t, 4 H, O-CH2-), 6.9-7.6 (m, 16 
H, Ar-H). Anal. Calcd. for C52H52N3Û2Br (0.6 H2O): C, 74.20; H, 6.37; N, 4.99. Found: C, 74.15; H, 6.79; 
N, 4.93. 
6.4.2 Methods 
Vesicle dispersions were prepared by sonication of the pure compound in deionized water with a Vibracell sonifier 
from Sonics and Materials Inc. The vesicles were polymerized by irradition of the vesicle dispersions in a quartz 
cuvette with UV light of 254 nm generated by a mercury light source. The solubilization of the vesicles was 
carried out with an excessive amount of the nonionic surfactant polyoxyethylene(23)lauryl ether (C12E23). 
Differential scanning calorimetry (DSC) experiments were performed with 2% (w/w) vesicle dispersions using a 
Perkin Elmer DSC 7 apparatus. Giant vesicles were prepared by allowing a small amount of the solid compound 
to hydrate for one minute in a drop water of 80 °C. The UV absorption spectra were recorded on a Lambda 18 
spectrophotometer from Perkin Elmer. 
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Abstract 
Double chained ammonium amphiphiles with terminal 4'-cyano-
biphenylyl-4-oxy, 4'-cyanoazobenzenyl-4-oxy or 4'-nitroazobenzenyl-
4-oxy moieties form vesicles upon sonication in water. The UV 
absorption maxima of the vesicle dispersions are blue shifted due to the 
formation of H-aggregates of the aromatic units in the bilayer. When 
these vesicles are mixed with dialkyldimethylammonium bromide 
vesicles, the H-aggregates disappear as can be monitored by UV 
spectroscopy. It was concluded that the observed spectral changes are 
due to a monomer exchange process instead of a vesicle fusion 
process, by varying the concentration of both vesicle dispersions. The 
same phenomenon was used to monitor the solubilization of these 
vesicles by hexadecyltrimethylammonium bromide micelles. For 
vesicles from amphiphiles with cyanobiphenylyloxy units at the termini 
of both chains, a unidirectional diffusion of monomers to 
didodecyldimehtylammonium bromide vesicles is found. The reverse 
process is hampered by the rigidity of the bilayer of the former 
compound due to stacking of the aromatic units. For vesicles from 
amphiphiles with only one azobenzene unit, the monomer exchange 
with didodecyldimethylammonium bromide vesicles is bidirectional, 
due to the reduced rigidity of these membranes. The monomer 
exchange with dodecyloctadecyldimethylammonium bromide and 
dioctadecyldimethylammonium bromide vesicles is again a 
unidirectional diffusion of the azobenzene containing amphiphiles. 
Solubilization of vesicles from amphiphiles with cyanobiphenylyloxy 
units at the termini of both chains by hexadecyltrimethylammonium 
bromide micelles is an unidirectionial diffusion process of monomers 
from the vesicles to the micelles. Solubilization of vesicles from 
amphiphiles with only one azobenzene unit is accompanied by 
penetration of hexadecyltrimethylammonium bromide monomers into 
the bilayers. 
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7.1 Introduction 
In biological systems the transport of phospholipid molecules between membranes is catalyzed 
by phospholipid transfer proteins. In addition, non-protein-mediated transport of phospholipids 
has been demonstrated in artificial bilayer systems. Mainly two techniques have been used to 
study the spontaneous lipid transfer between vesicles. 
One technique employs free flow electrophoresis.1-2 With this technique it is possible to 
separate differently charged vesicles. At the start of such an experiment, vesicles containing 
radioactively labeled lipid molecules are mixed with a different unlabeled vesicle dispersion. 
After a certain incubation time, both types of vesicles are separated by electrophoresis and the 
amount of radioactivity in both vesicle populations is measured. 
Resonance energy transfer between fluorophores is another technique that has been used to 
study the kinetics of lipid transfer.3-4 This method employs synthetic lipids which are labeled 
with fluorophores. When both energy donor and energy acceptor labeled lipids are incorporated 
in the same vesicles this results in a considerable quenching of the fluorescence due to energy 
transfer. When transfer of these fluorescent lipids to other vesicles occurs, this results in a 
dilution of the fluorophores which reduces the probability of energy transfer and therefore the 
fluorescence yield increases. 
A relatively new way to study monomer transfer between vesicles makes use of synthetic 
amphiphiles which contain aromatic units. When these amphiphiles form bilayer vesicles, the 
aromatic units form stacks. This is accompanied by a wavelength shift of the n-n* absorption 
band5-12 in the UV absorption spectra. During the monomer exchange process with vesicles 
without aromatic units, the dilution of the aromatic units causes the shifted absorption band to 
return to its normal value. 
This effect was already reported in 1981 by Shimomura et al.12 for mixtures of vesicles from 
azobenzene containing cationic surfactants and didodecyldimethylammonium bromide vesicles. 
They attributed the spectral changes to vesicle fusion, indicating a random mixing of 
monomers, but leaving the exact mechanism uninvestigated. Later studies performed by Rupert 
et a/.13-14 showed that fusion of positively charged vesicles, i.e. the merging of two or more 
vesicles into one big vesicle, does not occur spontaneously unless fusogenic agents like 
dipicolinic acid are added. Only very recently, these spectral changes were attributed to 
monomer transfer by Song et al.15, who investigated monomer transfer between stilbene 
derivatized phosphatidylcholine vesicles and underivatized phosphatidylcholine vesicles. To our 
knowledge this was the first time that the rate of monomer transfer was studied by UV 
spectroscopy. 
The previous chapters deal with the synthesis and investigation of ammonium amphiphiles 
which carry aromatic units16-19. The aromatic units are all donor-7t-acceptor systems and are 
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well known mesogens. It was found that some of our novel vesicle forming compounds are 
especially suitable to investigate membrane processes. 
In this chapter a study on the process of monomer transfer between vesicles of these novel 
compounds and dialkyldimethylammonium bromide vesicles using UV spectroscopy and 
differential scanning calorimetry is described. In addition, the process of vesicle solubilization, 
i.e. the formation of mixed micelles by the addition of other cationic surfactants, has also been 
studied in this way. 
7.2 Results and Discussion 
N c
~C=) — O~ 0 _ ( C n H ) 2 n ' \ + / 
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7.2.1 Vesicle forming properties 
The molecular structures of the synthetic surfactants are given above. All the investigated 
compounds form unilamellar bilayer vesicles with diameters ranging from 50 to 200 nm upon 
sonication as was confirmed by electron microscopy16-18 (see Chapter 4 and 5). Also giant 
unilamellar vesicles were formed upon hydration of the crystalline material, using the technique 
described by Menger et al.20 In all cases blue shifted absorption maxima are found for the 
vesicle dispersions. 
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Like biomembranes, the bilayers of these compounds exhibit a gel to liquid crystalline phase 
transition as was observed by differential scanning calorimetry. Bilayers from 1,2 and 3 show 
phase transitions at 55,49 and 65 °C respectively. For vesicles from 4 and 5 phase transitions 
were observed at 39 and 27 °C respectively (see Chapter 4 and 5). 
Previously it was found that azobenzene aromatic units have stronger mutual 7t-Jt stacking 
interactions than biphenyl units18 (see Chapter 2). Preliminary studies showed that bilayers of 
ammonium amphiphiles carrying two azobenzene units at the termini of both their chains do not 
readily transfer monomers and are also not solubilized by micelles of cationic surfactants. This 
is why in this study double chained amphiphiles are used in which only one of the alkyl chains 
carries an azobenzene unit. The intermolecular interactions in the bilayers of these compounds 
are expected to be somewhat lower than those for the compounds with two cyanobiphenyl-
yloxy units, as is also reflected by the lower phase transition temperature of the bilayers of 
these compounds. 
7.2.2 Monomer transfer between vesicles 
Figure 1 shows the spectral changes which occur in time after mixing vesicles of 2 with 
didodecyldimethylammonium bromide (Ci2Ci2N+) vesicles. Gradually the blue shifted 
absorption band disappears and the spectrum of the non-aggregated species appears showing an 
isosbestic point. Apparently, there is no stacking interaction between the chromophores in the 
mixed aggregates. 
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Figure 1. Spectral changes in time upon mixing vesicles of 2 (0.05 mM) with vesicles of C-\2C12^+ 
(3.5mM)at23°C. 
By measuring the absorbance at 300 nm the rate of the process can be monitored. For vesicles 
of 1,2,4 and 5 mixed with dialkyldimethylammonium bromide vesicles the rate of the process 
is proportional to the concentration of the chromophore containing surfactants. The reaction rate 
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is independent of the concentration of dialkyldimethylammonium bromide vesicles. Therefore, 
the monitored process is not a fusion of vesicles and is not collision mediated, but must be a 
monomer transfer between vesicles. 
Usually, concentrations of 0.05 mM of the chromophore-containing vesicles and 3.5 mM of the 
dialkyldimethylammonium bromide vesicles are used. For vesicles of 1 and 2 this excess is 
needed to obtain total destacking of the aromatic units. Increasing the concentration further to 
10 mM has no effect on the observed transfer rates. At lower concentrations the stacking is 
partially maintained. For 4 and 5 equimolar concentrations of dialkyldimethylammonium 
bromide are sufficient to obtain complete destacking. Increasing the concentration has no effect 
on the transfer rates, and the measurements have been carried out with a concentration of 3.5 
mM. 
monomers M 
vesicles M vesicles A 
s4 
monomers A 
Figure 2. Possible routes for monomer transfer between a mixture of two vesicle species A and M. M 
represents the amphiphiles containing aromatic (Mesogenb) units at the termini of their alkyl chains. 
On the basis of the experimental results the following model is proposed to explain the 
observations. In Figure 2 the possible routes for monomer transfer between vesicles are 
represented. Before mixing, the vesicles are in equilibrium with their monomers. These 
monomer concentrations are equal to the respective critical bilayer concentrations (i.e. the 
concentration above which bilayers are being formed). Upon mixing both vesicle dispersions, 
the monomers can be taken up by the vesicles of the other species. This gives two pathways (si 
+ S2 and S3 + S4) via which monomer transfer can take place. 
We will look now in more detail at the situation for 1 (M). As mentioned before, the transfer 
process is independent of the concentration of dialkyldimethylammonium bromide (A). This 
means that steps S2 and S3 can be ruled out as rate determining steps. Because of the large 
excess of the dialkyldimethylammonium bromide vesicles the reentry process of the mesogen-
carrying amphiphiles s.j is thought to be negligible. Therefore, only steps si and S4 remain as 
possible steps which determine which transfer pathway is followed. To determine the relative 
importance of step S4 to the transfer process, the transfer reaction was performed with 
Ci2Ci2N+, Ci2Ci8N+ and C^CisN"1". In this way the free monomer concentration of 
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dialkyldimethylammonium bromide is changed due to the different hydrophobicity of these 
compounds. Figure 3 shows the change of the absorbance at 300 nm in time, reflecting the rate 
of the transfer processes. As can be seen the rate of the transfer process is not dramatically 
affected upon changing the dialkyldimethylammonium bromide species, indicating that not step 
S4 but S{ is the dominant step. The transfer process is mainly a one way process in which 
monomers leave the vesicles of 1 and are incorporated in the dialkyldimethylammonium 
bromide vesicles whereas the other route (S3 + S4) is of minor importance. This agrees with the 
observation that the rate of the exchange process is proportional to the concentration of vesicles 
of 1. The more vesicles of 1 are present, the more monomers will be extruded from these 
bilayers per time unit. 
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Figure 3. Rate of monomer transfer between 
vesicles of 1 (0.05 mM) and vesicles of 
Ci2Cl2N+, Ci2Ci8N+ and CjaCfg/V* (3.5 
mM)at23°C. 
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Figure 4. Rate of monomer transfer between 
vesicles of 1, 2 and 3 (0.05 mM) with vesicles 
of Ci2Ci2^ (3-5 mM) at 23 °C. 
In this respect the membranes of 1 differ from phospholipid biomembranes. For biological 
membrane vesicles unidirectional lipid diffusion is found from the most soluble lipid vesicles to 
the less soluble lipid vesicles.2 Because 1 has a lower critical bilayer concentration17 than 
Ci2Ci2N+ a migration of Ci2Ci2N+ monomers to the vesicles of 1 would be expected. Maybe 
the bilayers of 1 are too rigid to allow fast entrance of dialkyldimethylammonium bromide 
monomers. This rigidity could be caused by Jt-7t stacking interactions between the 
cyanobiphenylyloxy moieties and is also reflected in the high Tc of these bilayers. 
It should be remarked that Ci2Ci2N+ and CnCisN"1" form bilayer vesicles, whereas CisC^N"1" 
forms bilayer lamellae.24 The phase transition temperature of Ci2Ci2N+ lies at 17 °C25 so that 
these bilayers are in their liquid crystalline phase at room temperature. The phase transition 
temperature of Ci8CigN+ lies at 45 °C, so these bilayers are in their gel state at room 
temperature.24 Despite these differences the observed transfer rates are almost equal, 
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confirming transport of cyanobiphenylyloxy containing amphiphiles to the dialkyldimethyl-
ammonium bilayers (si + S2) in which si is rate determining. 
Figure 4 shows the effects of changing the spacer length of the cyanobiphenylyloxy monomers 
on the transfer process. When vesicles of 2 are mixed with didodecyldimethylammonium 
bromide vesicles (at 23°C), the absorbance plot shows a sigmoidal curve. Replacing Ci2Ci2N+ 
by Ci2Ci8N+, which has a lower critical bilayer concentration, strongly decreases the observed 
exchange rate (plot not shown). The release of monomers from the cyanobiphenylyloxy 
vesicles (si) is probably so slow that the uptake of Ci2Ci2N+ monomers (S4) becomes also 
important. The sigmoidal shape of the curve could then be explained by assuming that the first 
Ci2Ci2N+ molecules which enter the vesicles of 2 have only little effect on the degree of 
chromophore stacking in these vesicles and thus little effect on the UV spectrum. Only dilution 
of the aggregates of 2 above a certain degree results in a marked change of the UV spectrum. 
Figure 5 gives the temperature dependence of the monomer transfer process between vesicles of 
2 and Ci2Ci2N+. At higher temperatures a 'first order' reaction rate is observed, which could 
indicate that s\ again becomes more important than S4. 
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Figure 5. Rate of monomer transfer between 
vesicles of 2 (0.05 mM) and Ci2Ci2N+ (3.5 
mM) as a function of temperature. 
Figure 6. Rate of monomer transfer between 
vesicles of 4 (0.05 nm) and vesicles of 
C12C12N+, Ci2Ci8N+ and CrgCjgW+ (3.5 
mM)at23°C. 
Between vesicles of 3 and Ci2Ci2N+ no detectable monomer exchange occurs (see Figure 4). 
For these vesicles the membranes are so rigid that CnCnN"1" monomers cannot enter them and 
that release of monomers of 3 is very slow. 
For vesicles of both 4 and 5 the monomer transfer with Ci2Ci2N+ is too fast to be monitored 
with our experimental setup. Because the transfer rate is independent of the concentration of the 
dialkyldimethylammonium bromide vesicles, S2 and S3 can again be ruled out as the rate 
determining processes. To test the relative importance of S4, the dialkyldimethylammonium 
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bromide species was altered from Ci2Ci2N+ to Ci2Ci8N+ and CigCisN"1". As can be seen in 
Figure 6 this results in a considerable decrease of the observed transfer rate indicating that not 
step si but S4 plays a major role in the monomer transfer with Ci2Ci2N+ vesicles. 
The difference between the rate of monomer transfer between the azobenzene containing 
vesicles and Ci2Ci8N+ or CisCisN* is only small. This again suggests that step si has 
become more important than S4. These findings are more in agreement with what is known for 
biological membranes, i.e. migration occurs from the most soluble vesicle species to the less 
soluble vesicle species. Monomers of Ci2Ci8N+ and CisCisN"1" are expected to have an 
approximately equal and a lower critical bilayer concentration respectively than 4 or 5.18 
When Ci2Ci2N+ and Ci2CisN+ are both present in an equimolar ratio, the transfer rates with 
vesicles of 4 and 5 are the same as when only Ci2Ci8N+ is present. This indicates that the 
formation of mixed bilayer vesicles of Ci2Ci2N+ and C^CisN"1", which lowers the free 
monomer concentration of Ci2Ci2N+, results in a decrease of process S4 and allows si to 
become more important. 
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Figure 7. DSC thermograms of a mixture of 
vesicles of 5 and Ci2CisN+ at different time 
intervals after mixing. 
Figure 8. DSC thermograms of a mixture of 
vesicles of 4 and 5 at different time intervals 
after mixing. 
The process of monomer tranfer between 5 and CnCisN"1" vesicles could also be monitored by 
differential scanning calorimetry. Figure 7 shows how the gel to liquid crystalline phase 
transition peak of the vesicles of 5 disappears due to the formation of new mixed vesicles with 
excess of CnCisN"1", which do not exhibit a measurable phase transition. Figure 8 shows the 
DSC thermograms of a 1:1 mixture of vesicles of 4 and 5. The individual phase transition 
peaks merge into one single phase transition peak which belongs to the mixed vesicles. This 
transfer process cannot be monitored by UV spectroscopy, because both vesicle species have 
approximately the same UV-absorption spectrum and the 7i-7t stacking remains in the mixed 
vesicles. 
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Figure 10. DSC thermograms of 1 wt% vesicle dispersions of 1 and 5 directly after mixing (solid 
lines) and two hours after mixing (dashed lines). 
When vesicles of 1 and 5 are mixed in a 1:1 ratio, changes in the UV absorption spectrum of 
both compounds are found as can be seen in Figure 9. This means that mixing of both species 
occurs. The absorption maximum of 5 at 340 nm shifts to higher wavelengths. This is due to a 
reduction of the stacking interaction between the azobenzene units as a result of the mixing with 
molecules of 1. 
The absorption maximum of 1 remains mainly at 267 nm but a shoulder appears at 295 nm 
belonging to destacked cyanobiphenylyloxy units. This means that the majority of the 
molecules of 1 remains closely packed and only a fraction mixes with the molecules of 5. 
Therefore a phase separated state is maintained in which a part of the molecules 1 have diffused 
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into the areas with molecules 5, but the molecules 5 hardly diffuse into the areas with 
molecules 1. It is therefore concluded that the molecules 1, which have stronger intermolecular 
interactions than the molecules 5, tend to form separate domains in the mixed bilayers. This is 
also confirmed by DSC measurements. The phase transition of the bilayers of 5 (at 27 °C) 
disappears due to mixing with molecules 1. The phase transition of the bilayers of 1 at 55 °C 
does not disappear but only shifts a few degrees to lower temperatures. This means that these 
phase separated domains have approximately the same composition as the bilayers of pure 1. 
7.2.3 Solubilization of bilayers 
Single chained surfactants are known to form micelles in water above a certain critical micelle 
concentration. These micelles are able to solubilize hydrophobic molecules in their interior. The 
process of solubilization of bilayers of chromophore containing amphiphiles by cationic 
surfactants can be investigated in the same way as the monomer transfer process described 
above. Upon solubilization of the vesicles of the aromatic unit containing amphiphiles, mixed 
micelles are formed in which the stacking between the chromophores is lost and the UV 
spectrum of the non-stacked aromatic units is observed. 
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Figure 11. Rate of solubilization of vesicles 
of 1 (0.05 mM) with increasing concentrations 
0fCi6W~at23°C. 
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Figure 12. Rate of solubilization of vesicles 
of 1, 2 and 3 (0.05 mM) by CjçA/+ (5 mM) at 
23°C. 
Figure 11 shows the change in UV absorption at 300 nm of vesicles of 1 due to solubilization 
by hexadecyltrimethylammonium bromide (Ci6N+) at different concentrations at 23°C. At this 
temperature the critical micelle concentration (cmc) of Ci6N+ is ~ 1 mM.25 It is seen that above 
the cmc (5 and 10 mM) solubilization occurs with a rate which is comparable, but somewhat 
slower, than the monomer transfer process with dialkyldimethylammonium bromide vesicles 
(see Figure 3). The same solubilization rate is found with dodecyltrimethylammonium bromide 
(Ci2N+) which has a cmc of 25 mM at room temperature. Together with the fact that the rate is 
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independent of the concentration of micelles this indicates that the release of monomers from the 
vesicles of 1 is the dominant process. Therefore the solubilization process is also a 
unidirectional diffusion process of monomers going from the vesicles into the micelles. This is 
however, in sharp contrast to what is found for the solubilization of biomembranes. Here the 
micelle forming surfactant molecules are thought to enter the membranes until a saturation value 
is reached after which mixed micelles are formed.27-30 
Figure 12 shows the solubilization curves of vesicles of 1, 2 and 3 by CIÓN + micelles. The 
rate of solubilization for vesicles of 2 is much lower than for those of 1 because of the lower 
critical bilayer concentration of the former compound in water. The rate of solubilization for 
vesicles of 2 is also lower than the rate of monomer transfer with CnC^N"1" (Figure 4). This 
confirms the idea that in the case of monomer transfer Ci2Ci2N+ molecules can enter the 
bilayers of 2 whereas in the case of solubilization monomers only escape from the bilayers of 2 
to the micelles. Vesicles of 3 are not readily solubilized by Ci6N+, probably because the free 
monomer concentration of 3 is very low in water. 
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Figure 13. Enthalpy of dilution versus concentration for Ci6N+ in different aqueous media at 30 °C. 
The absence of a fast penetration of Ci6N+ monomers into the bilayers of 1 can also be 
monitored with titration microcalorimetry. Figure 13 shows the measured enthalpies of 
demicellization of Ci6N+ in pure water and in a solution containing vesicles of 1. In pure water 
at 30 °C the cmc of Ci6N+ is found at 1.1 mM and a demicellization enthalpy of 12 kJ/mol is 
found. Because the enthalpies of demicellization in pure water and in the vesicle dispersion of 1 
are rather similar, it is concluded that the Ci6N+ molecules do not readily mix with the 
molecules of 1 in the time course of the experiment. In a solution containing vesicles of 
Ci2Ci2N+ the demicellization enthalpy is drastically changed as compared to the situation in 
pure water. This means that a mixing of Ci2Ci2N+ and Ci6N+ readily occurs. 
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All cyanobiphenylyloxy containing bilayer vesicles are instantaneously solubilized by nonionic 
surfactants of the oligoethylene glycol alkyl ether type. These nonionic surfactants readily 
penetrate the cationic bilayers and the formation of mixed micelles is favored by the relief of the 
headgroup repulsions in the bilayers. When mixed with an anionic surfactant like sodium 
dodecylsulfate (SDS), only minor changes in the UV spectrum of the cyanobiphenylyloxy 
containing bilayer vesicles are observed. This is due to the formation of ion-pair amphiphiles 
which form aggregates in which the 7t-7C stacking is maintained. 
Vesicles of 4 and 5 are also solubilized by Ci6N+ and Ci2N+ micelles although the process is 
too fast to be followed under the employed experimental conditions. This could mean that, like 
for monomer exchange with Ci2Ci2N+ vesicles, CIÖN+ monomers can penetrate these vesicle 
bilayers. Solubilization however, only occurs above the cmc of CIÖN+ . This agrees with the 
results of Lichtenberg30 who found that solubilization of phosphatidylcholine vesicles usually 
does not occur when the surfactant concentration in the aqueous phase is below its cmc value. 
This was explained by assuming that the partition coefficient of the surfactant (s) over the lipid 
bilayer phase (1) and aqueous phase (a), K = [s]i/[s]a, increases strongly when the 
concentration of the surfactant in the aqueous phase exceeds its cmc. Thus K>cmc > » K<cmc. 
7.3 Conlusions 
The bilayer properties of double chained ammonium amphiphiles which contain aromatic 
biphenyl or azobenzene units at the termini of their hydrocarbon chains have been investigated. 
These artificial amphiphiles behave like natural lipids in the sense that they form bilayer 
structures which exhibit phase transitions from a rigid 'gel' phase to a more fluid 'liquid 
crystalline' phase. 
Stacking of the aromatic units in the bilayers results in a blue shift of the K-K* absorption 
band. When monomer transfer between these bilayer vesicles and dialkyldimethylammonium 
bromide vesicles occurs, the blue shift of the absorption band disappears. This also occurs 
upon solubilization of these bilayer vesicles by cationic micelle forming surfactants. The rate of 
monomer transfer processes between bilayer vesicles and the solubilization of bilayer vesicles 
by cationic surfactants have been investigated by UV spectroscopy. 
Ammonium amphiphiles with two cyanobiphenylyloxy units at the termini of their hydrophobic 
tails form very rigid bilayers. This is reflected by the high Tc of these bilayers and is probably 
caused by n-n stacking between the aromatic units in the bilayers. Consequently, penetration 
of these bilayers by cationic amphiphiles is hampered. Monomer transfer between these vesicles 
and dialkyldimethylammonium bromide vesicles therefore becomes mainly a unidirectional 
process determined by the release of cyanobiphenylyloxy amphiphiles from their vesicles. Also 
the solubilization of vesicles of these compounds by hexadecyltrimethylammonium bromide 
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micelles is a one way process in which the cyanobiphenylyloxy amphiphiles diffuse from their 
bilayers into the micelles. 
The bilayers formed by the ammonium amphiphiles with one azobenzene unit are less rigid than 
those of amphiphiles with two cyanobiphenylyloxy units as reflected by their lower Tc. They 
allow penetration of other cationic amphiphiles. Monomer transfer with didodecyldimethyl-
ammonium bromide vesicles is now a bidirectional process. The solubilization of these bilayers 
by hexadecyltrimethylammonium bromide micelles is also accompanied by penetration of the 
surfactants into the bilayer. This however occurs only when the concentration of hexadecyltri-
methylammonium bromide in the aqueous phase is above its critical aggregation concentration. 
7.4 Experimental section 
The synthesis and the characterization of the chromophore containing surfactants has been described before 1°>18 
in chapter 4 and 5. The dialkyldimethylammonium bromides were obtained from Kodak and were used without 
further purification. Vesicle dispersions were obtained by sonication of the solid compounds in ultrapure water (1 
wt %) until clear solutions were obtained using a Vibracell sonifier form Sonics and Materials Inc. The water 
was purified by a Seralpur Pro 90C purification system. The monomer transfer rate measurements were 
performed on a Varian Cary 13E spectrophotometer with thermostatted sample holders using cuvettes with an 
optical length of 1 cm. Both the sample and the reference cuvette were filled with a 3.5 mM 
dialkyldimethylammonium bromide vesicle dispersion. A small amount of a concentrated vesicle dispersion of 
amphiphiles containing aromatic units was injected into the sample cuvette to give a solution of 0.05 mM with 
a maximum n-it* absorbance of approximately 0.5. The cuvette was shaken manually and placed immediately 
in the spectrophotometer. For the cyanobiphenylyloxy containing vesicles the absorbance was measured at 300 
nm, for the azobenzene containing vesicles at 380 nm. The dialkyldimethylammonium bromide vesicles are 
present in a large excess to allow a sufficiently strong dilution of the amphiphiles carrying the aromatic units to 
prevent stacking of the aromatic units in the mixed bilayers. For the solubilization experiments the sample and 
the reference cuvette were filled with a surfactant solution of known concentration and a small amount of a 
concentrated vesicle dispersion of amphiphiles containing aromatic units was injected into the sample cuvette to 
give a solution of 0.05 mM with a maximum 7t-7t* absorbance of approximately 0.5. Differential scanning 
calorimetry was carried out with mixtures of vesicle dispersions (2 % w/w) in water using a Perkin Elmer DSC 
7 apparatus. The vesicle dispersions were mixed and incubated at room temperature in a series of sealed 50 p.L 
aluminum pans. Thermograms were recorded after every fixed time interval using a new pan. The demicellization 
enthalpograms were recorded using a Microcal Omega titration microcalorimeter (Microcal, Northampton, MA, 
USA). Ultrapure water was used and all solutions were degassed before use. The syringe contained a 10 mM 
CigN+ solution. The sample cell was filled with either ultrapure water or a vesicle dispersion. The time between 
the injections was 200 seconds. 
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on self-organization 
Chapter 8 
Abstract 
A series of novel double chained ammonium amphotropes have been 
synthesized which differ in the orientation of the dipoles of their 
mesogenic units along the molecular long axis. The mesogenic units 
consist of an azobenzene core which has an electron donating oxy 
unit at the 4 position and an electron withdrawing carboxy unit at the 
4' position. This mesogenic unit has an intrinsically high dipole 
moment. The effects of the orientation of the dipoles of the mesogens 
on the thermotropic and lyotropic aggregation behavior of these 
compounds have been investigated. The thermotropic properties can 
be rationalized by assuming that the antiparallel orientation of the 
mesogenic units is the most favorable one. Compound 1, which has 
both dipoles pointing away from the headgroup, gives fully extended 
bilayers with parallel mesogens upon sonication in water. Compound 
2, with alternating dipoles and 3, which has both dipoles pointing 
toward the headgroup, give interdigitated bilayers. These compounds 
also form monolayers at the water-air interface. Compounds 1 and 2 
initially lie flat at the water-air interface whereas the mesogens of 
compound 3 have no interaction with the water surface. 
The contribution of the dipolar mesogens to the monolayer electrical 
surface potential is small. The orientation of the dipole moments of 
the mesogenic units has only a minor effect on the lyotropic 
aggregation behavior of these compounds. 
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8.1 Introduction 
In the last decade the interest in amphotropic compounds has increased enormously. This 
relatively new class of compounds owes its name to its potential to form both thermotropic 
and lyotropic liquid crystalline phases. Structurally these compounds are characterized by the 
presence of a polar or ionic headgroup, hydrophobic tails and mesogenic units.1 Of special 
interest are amphotropes containing mesogens based on azobenzene. Azobenzenes can 
undergo reversible trans-cis isomerization upon irradiation with UV/VIS light. This makes it 
possible to alter the physical properties of these materials by simple irradiation with UV/VIS 
light. These compounds can be applied in electro-optical devices, in data storage devices and 
in molecular switches. 
It is assumed that the dipole moment of the mesogenic unit is important in determining its 
aggregational behavior. It has been suggested that mesogens with a high dipole moment 
prefer to arrange themselves in an antiparallel fashion which results in the most favorable 
dipolar interactions.2-4 This results in the formation of interdigitated smectic phases. 
Mesogens with weaker dipoles would favor the formation of nematic phases. 
In this chapter the synthesis of a series of three novel double chained amphotropes is 
described. These compounds are structural isomers which only differ in the orientation of 
their mesogenic units with respect to the molecular long axis. The mesogenic units are 
azobenzenes which contain an electron donating oxy substituent and an electron withdrawing 
carboxy group. This mesogen therefore has a net dipole moment. Of the three compounds one 
has both dipoles directed toward the tails (1), the second has one dipole pointing toward the 
tail and one pointing toward the headgroup (2) and the third has both dipoles pointing toward 
the headgroup (3). 
The thermotropic properties have been investigated using polarization microscopy and 
differential scanning calorimetry. The monolayer and bilayer properties of these compounds 
have been studied using UV spectroscopy, X-ray reflectivity, the Langmuir technique and 
surface potential measurements. The results are discussed in terms of the structural 
differences between the investigated compounds. 
8.2 Results and discussion 
8.2.1 Thermotropic properties 
The purity of the compounds 1,2 and 3 was checked by TLC, 200 MHz iH-NMR and 
elemental analyses. Compounds 1 and 2 have a bromide counter ion, whereas compound 3 
has a iodide counterion. This occurred during the reaction of 13 with 14 where KI is added to 
enhance the reaction rate (see Scheme 1, Experimental section) Therefore, only the thermal 
123 
Chapter 8 
properties of 1 and 2 can be compared in terms of their molecular structures whereas the 
properties of 3 may be influenced by the different counter ion. 
6 H 1 3 -0 > "^" N C N-0-0 -C 6 H 1 2 s 
A Br 
ff~\ /O-C6H12 
2 
0-06H12 + 
jf~\ /O-C6H12 
A Br 
I 
C 6 i 
All the compounds 1, 2 and 3 exhibit an enantiotropic smectic A phase. This is concluded 
from polarization microscopy because bâtonettes appear upon cooling the compound from the 
isotropic phase. The smectic phase readily adopts a homeotropic alignment which is seen as 
dark regions between crossed polarizers. The differential scanning calorimetry thermograms 
of 1 and 2 are given in Figure 1. It is seen that 2 has a melting point and isotropization 
temperature which are 20 and 30 °C higher respectively than those of compound 1. 
Compound 3 has an intermediate isotropization temperature (1: C 132 SA 173 I; 2: C 150 SA 
2041; 3: C 166 SA 1801). This observation fits the picture that an antiparallel arrangement of 
the dipolar mesogens is the most favorable and stabilizes the liquid crystalline phase. 
However, it cannot be denied that steric factors which determine the molecular packing also 
play an important role in determining the thermal properties, especially of the crystalline 
phase. 
8.2.2 Lyotropic properties 
The compounds 1, 2 and 3 form bilayer vesicles upon sonication in water. These vesicles can 
be visualized by electron microscopy (not shown). The bilayer thicknesses have been 
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determined with X-ray reflectivity5-15 of cast bilayer films (see Figure 2). For compound 1 a 
bilayer thickness of 51.5 À is found whereas those for 2 and 3 are 36.8 and 34.2 Â 
respectively. 
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Figure 1. DSC thermograms of compounds 1 and 2. First heating curves are displayed. 
Figure 2. Small angle X-ray reflectivity data for cast bilayer films of compound 1. Qn = 2nn/d, with d = 
bilayer spacing and n the order of the peaks. 
The length of the molecules as determined from space filling models is 29 Â. UV absorption 
measurements indicate the presence of H-aggregates of the azobenzene units which means 
that the molecules are oriented perpendicular to the bilayer and are not tilted. This means that 
compound 1 forms an almost fully extended bilayer and that the bilayers of 2 and 3 are almost 
fully interdigitated. This is also confirmed by the electron density profiles (not shown). 
Schematic representations of the bilayers based on the X-ray data are given in Figure 3. These 
bilayer configurations cannot easily be rationalized. Intuitively, one would expect that 
compound 1 could also form interdigitated bilayers because that would result in more 
favorable intermolecular dipole compensation. The fact that no interdigitation is observed 
implies that a better packing is obtained in the extended bilayer configuration, despite the less 
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favorable mesogen-mesogen interactions. Compound 2 is not expected to have better 
mesogen-mesogen interactions upon interdigitation so that here probably also other forces 
drive the interdigitation. 
Ms. M. M. M. 
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Figure 3. Schematic representation of the possible bilayer structures of compounds 1, 2 and 3. 
The stacking of the mesogens in the bilayer results in a shift of the JC-7C* transition in the UV 
absorption maximum to lower wavelengths. This blue shift is typical of (anti)parallelly 
aggregated chromophores (a = 90°), so-called H-aggregates. The spectral shift (in 
wavenumber Av) is given by: 
AV = T ^ 
2 N-1 H2 
7 " F T " r 3 " (1-3cos2<x) 
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in which ß is the transition dipole moment of the chromophores and r is the center to center 
distance between the mesogens. The angle a is the angle between the long axes of the 
chromophores and the line between the chromophore centers. N is the number of interacting 
chromophores in the bilayer, h is Planck's constant and c the speed of light. 
It is seen from this formula that the extent of the blue shift is very dependent on the relative 
distance between the chromophores and the angle between the line connecting two 
chromophore centers and the long axes of the chromophores. The aggregation numbers, N, 
are expected to be large for all the compounds 1, 2 and 3 and therefore to have no effect on 
the observed blue shift. Also the front to front distance between the azobenzenes is assumed 
to be approximately equal for these different bilayers. This means that probably the angle a, 
i.e. the relative position of two adjacent mesogens along the normal to the bilayer is important 
in determining the blue shift. In other words, one could say that the depth of the 
interdigitation is important. 
For the bilayers of 1, 2 and 3 the UV absorption maxima of 314, 330 and 317 nm are found 
(see Figure 4) whereas the monomer absorption lies at 374 nm. The strongest blue shift is 
found for bilayers of 1. This can be explained because the mesogens are all perfectly 
parallelly stacked in the extended bilayers. For the interdigitated bilayers of 2 and 3 smaller 
blue shifts are found. This can be expained by assuming that the mesogens from adjacent 
molecules are not perfectly (anti)parallely stacked. This would be caused by an insufficiently 
deep interdigitation of the molecules from both leaflets of the bilayer. The smaller blue shift 
for the bilayers of 2 as compared to those of 3 is in agreement with the observed larger bilayer 
thickness of 2 
T 
300 
T 
350 400 
wavelength (nm) 
450 
Figure 4. UV absorption spectra of the compounds 1, 2 and 3 as vesicles in water (solid lines) and as 
monomers in ethanol (dashed line). 
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8.2.3 Monolayer behavior 
The compounds 1,2 and 3 all form monolayers at the water-air interface. The TC-A isotherms 
are given in Figure 5. The isotherm of 1 shows an initial rise in surface pressure at ca. 160 
Â2/molecule. At this point the molecules start to interact. This area corresponds to a situation 
in which the molecules lie flat with their tails at the water-air interface. This is favored by the 
interaction of the carbonyl groups in the distal parts of the tails with the aqueous subphase. 
Upon compression the surface pressure rises until a plateau value is reached at 13 mN/m. At 
this pressure the interactions between the tails and the subphase are broken and the tails are 
forced away from the subphase. The monolayer can be compressed without further increase in 
surface pressure until the molecules are all in a close packed arrangement with their tails 
standing upright (at 70 Â2/molecule). Further compression results in a steep increase in 
surface pressure. The condensed monolayer goes through a series of phase transitions and 
finally collapses at 70 mN/m. 
When the UV absorption spectra of this monolayer are recorded, the absorption maximum is 
seen to shift from 374 nm to 341 nm over the course of the plateau and shifts further to 312 
nm in the steep part of the isotherm. This is due to the stacking of mesogens when the tails 
are forced onto each other. Interestingly, the absorbance is not seen to increase during the 
compression although the concentration of molecules in the monolayer increases. This is also 
attributed to the uplifting of the tails. The light of the spectrophotometer beam falls 
perpendicularly through the monolayer. The electrical vector of the light thus lies parallel to 
the water surface. When the mesogens are lifted up, this brings their transition moments from 
the plane of the water surface to a position perpendicular to the surface which reduces the 
light absorbance. 
The isotherm of 3 lacks the plateau. This means that the tails initially do not lie completely 
flat on the surface. This is because the carbonyl groups lie in the proximal part of the tail, near 
the headgroup. Probably, a critical distance between the headgroup and carbonyl group is 
required in order to obtain a flat orientation of the tails. 
In the isotherm of compound 2 a plateau is observed from 150 Â2/molecule at a surface 
pressure of 3 mN/m. This means that the interaction of the tails with the subphase is weaker 
for this compound than for compound 1. This is due to the presence of one proximal and one 
distal carbonyl group. Interestingly, the observed isotherm is not an average of the isotherms 
of 1 and 3 indicating that initially not one tail stands upward and the other lies flat at the 
interface. Probably, both tails interact with one another and are simultaneously repelled from 
the interface. In situ UV absorption measurements of the monolayer of 2 again show a blue 
shift of the absorption maximum upon compression. The direction of the dipoles of the 
mesogens does not seem to affect the collapse pressures much. This collapse pressure can be 
regarded as a measure for the monolayer stability. 
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In order to test if the direction of the dipoles of the mesogenic units contributes significantly 
to the overall electrical surface potential of the monolayer, the surface potential-area 
isotherms were measured simultaneously with the recording of the ;t-A isotherms. The 
surface potential-area isotherms are also given in Figure 5. 
The surface potential-area isotherm16-25 of 1 shows an increase before the onset of the rc-A 
isotherm and reaches a maximum at the onset of the plateau. Upon reduction of the molecular 
area in the plateau region the surface potential drops. The uplifting of the mesogens in the 
plateau region is expected to have a negative contribution to the surface potential (8+ at the 
water side and ô~ at the air side). However, the carbonyl group of the ester functionality also 
has a large ground state dipole moment which contributes negatively to the surface potential 
when the oxygen is directed toward the air. Studies on similar compounds carrying other 
dipolar mesogenic units e.g. the cyanobiphenylyloxy unit which lacks the carbonyl group do 
not show a decrease in surface potential in the plateau region (data not shown). The decrease 
in surface potential in the plateau region might thus be ascribed to the contributions of the 
carbonyl group caused by the uplifting of the tails rather than to contributions of the entire 
mesogenic unit.26 
The surface potential-area isotherm of 2 shows a steep increase at the onset of the isotherm. 
In the plateau region the surface potential remains practically constant. This can be due to 
compensation of the contributions of both carbonyl groups i.e. one points with the oxygen 
upwards and one points downward. 
In the isotherm of 3 there is no plateau and the alkyl chains are pointing toward the air over 
the whole area range of the isotherm. This results in a gradual increase in surface potential 
upon reduction of the available area per molecule. The carbonyl groups contribute positively 
to the surface potential which could explain why a higher surface potential is reached than for 
the monolayers of 1 or 2. 
In general, the contribution of the dipole of the mesogens in the monolayer to the measured 
surface potential seems small when compared to the contribution of the carbonyl group. This 
would mean that in the ground state no charge separated state is present in these donor-Jt-
acceptor mesogens. 
When the compressed monolayers (at 15 mN/m) of 1,2 and 3 are irradiated with UV light of 
366 nm a steep increase in surface pressure is observed (see Figure 6). This is caused by the 
trans-cis isomerization of the azobenzenes in the monolayer. The bent cis molecules occupy a 
larger area than the linear trans molecules which causes the increase in surface pressure. After 
irradiation the cis molecules isomerize back to the trans form. The rate of this back 
isomerization process is very dependent on the amount of visible light to which the 
monolayer is exposed. The purely thermal cis to trans isomerization is very slow at room 
temperature in the compressed monolayer. This process can be repeated many times. 
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Figure 6. Increase in the suriace pressure upon irradiation of a condensed monolayer of 1 with UV 
light of 366 nm and the decrease of the surface pressure under ambient light conditions. 
Upon irradiation of the monolayer of 1 at 15 mN/m, the surface potential increases with 0.05 
Volt. The isomerization changes the orientation of the carbonyl groups and therefore affects 
the surface potential. The carbonyls which initially point with their oxygen upward will be 
pointing more downward after isomerization and thus increase the surface potential. Also 
other parts of the molecule might contribute to the change in surface potential but the 
carbonyl group is expected to have by far the largest contribution.26 
When a condensed monolayer of 3 is irradiated with UV light, the surface potential remains 
constant despite the changes in surface pressure. The carbonyl groups, which are at the 
proximal part of the tail are not expected to reorient much upon isomerization. From the fact 
that no contributions from other parts of the molecules to the surface potential are measured it 
is concluded that only a small percentage of all molecules in the monolayer is isomerized 
under the employed conditions.27 Probably, the isomerization is sterically hampered in this 
condensed monolayer. 
When the surface pressure is kept constant at 10 mN/m, the movable barrier of the Langmuir 
trough starts to move upon irradiation of the monolayer with UV light due to expansion of the 
monolayer. This is a typical example of a light sensitive mechanical device. 
8.3 Conclusions 
This chapter describes the synthesis of a series of novel double chained amphotropic 
compounds which differ in the orientation of their dipolar mesogenic units. These compounds 
all exhibit an enantiotropic smectic A phase. The thermotropic phase behavior can be 
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understood with the rationalization that antiparallel mesogens have the strongest dipolar 
interactions and give the best stabilization of the liquid crystalline phase, although steric 
packing effects cannot be ignored. 
The investigated amphotropic compounds form bilayer vesicles in water. Compounds 2 and 3 
form interdigitated bilayers and 1 forms fully extended bilayers. Mesogen-mesogen 
interactions are clearly observed for all compounds by the blue shift of the UV absorption 
maximum. The bilayers of 1 do not have the most favorable mesogen-mesogen dipolar 
interactions. 
The compounds 1, 2 and 3 also form monolayers at the water-air interface of approximately 
equal stability. The mesogens of 1 and 2 initially have contact with the water surface whereas 
molecules of 3 have not. This behavior is attributed to the presence of a polar carbonyl group 
in the distal part of the tails of the former two compounds. The net dipole of the mesogens 
does hardly contribute to the monolayer surface potential. Instead a clear contribution of the 
carbonyl groups is found. 
It can thus be concluded that in lyotropic liquid crystalline phases the orientation of the net 
dipole moment of the mesogens plays only a minor role in determining the aggregation 
behavior. Instead other Van der Waals interactions and packing constraints seem to be more 
important. 
8.4 Experimental section 
8.4.1 Synthesis 
Hexyl-4-nitrobenzoate (5) and 6-chlorohexyl-4-nitrobenzoate (10) 
To a stirred solution of 30 g (16 mmol) of 4-nitrobenzoylchloride (4) and 18 g (18 mmol) of hexanol in 200 mL 
of benzene was added dropwise 20 mL (0.25 mol) of pyridine at room temperature. The reaction occurs 
instantaneously. The reaction mixture was extracted twice with a 1 N HCl solution and and with a 1 N NaHCÛ3 
solution. The benzene layer was dried on MgS04 and the solvent was removed under reduced pressure. Yield 
94%. 10 was prepared in a similar manner using 24 g (18 mmol) of 6-chlorohexanol. 
Hexyl-4-aminobenzoate (6) and 6-chlorohexyl-4-aminobenzoate (11) 
To a rigorously stirred mixture of 40 g (170 mmol) of hexyl-4-nitrobenzoate (5), 250 g of iron powder and 100 
mL of water was added 1.5 mL of a concentrated HCl solution. A strong evolution of heat occurred and the 
reaction mixture was cooled on an ice bath. When the heat evolution ceased, the reaction mixture was further 
heated for 1 h at 70-80 °C. The reaction mixture was extracted with dichloromethane. The organic layers were 
dried on MgS04 and the solvent was evaporated. The solid material was washed with petroleum ether (bp. 40/60 
°C). Yield 90 %. Compound 11 was prepared in a similar manner using 6-chlorohexyl-4-nitrobenzoate (10). 
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Scheme 1. Synthetic pathways for the compounds 1,2 and 3. 
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Hexyl-4'-hydroxyazobenzene-4-carboxylate (7) and 
6-chlorohexyl-4'-hydroxyazobenzene-4-carboxylate(12) 
An amount of 8 g (0.036 mol) hexyl-4-aminobenzoate (6) was dissolved in a hot mixture of 13 mL of a 
concentrated HCl solution and 13 mL of water in a 250 mL beaker. The stirred solution was cooled to 0-5 °C in 
an ice bath until the HCl salt of 6 precipitates. While stirring, a cold solution of 3.7 g (0.045 mol) of NaNC-2 in 8 
mL of water was added dropwise. The temperature should not rise above 8 °C. This cold solution was added 
dropwise to an ice cold solution of 3.15 g (0.035 mol) of phenol and 7 g of NaOH in 25 mL of water. After the 
addition was complete concentrated HCl was slowly added until the solution was acidic. The precipitate was 
collected by filtration and washed with water and dried at the air. Yield 87 %. Compound 12 was prepared in a 
similar manner using (11). 
Hexyl-4'-(6-bromohexyloxy)azobenzene-4-carboxylate (8) and 
6-chlorohexyl-4'-hexyloxyazobenzene-4-carboxylate(13) 
A mixture of 5 g (18 mmol) of 7, 8.8 g (36 mmol) of 1,6-dibromohexane and 4.9 g (36 mmol) of K2CO3 in 100 
mL of 2-butanone was refluxed for 16 h. After cooling the salt was removed by filtration and the solvent was 
evaporated. The product was purified by column chromatography on silica gel using CH2Cl2/petroleum ether 
(bp. 40-60 °C) 1:1 v/v as eluent. The product was recrystallized from petroleum ether (bp. 40-60 °C). Yield 
60%. Compound 13 was prepared in a similar manner using 12 and bromohexane. 
(8) 'H-NMR (CDCI3, TMS, 8, ppm); 0.90 (t, 3 H, C5H10-CH3), 1.20-2.0 (m, 16 H, -CH2-(CH2)4-CH2), 3.43 
(t, 2 H, -CH2-Br), 4.09 (t, 2 H, O-CH2), 4.32 (t, 2 H, COO-CH2), 6.90-8.20 (m, 8 H, Ar-H). 
(13) !H-NMR (CDCI3, TMS, 6, ppm); 0.90 (t, 3 H, C5H10-CH3), 1.20-2.00 (m, 16 H, -CH2~(CH2)4-CH2), 
3.55 (t, 2 H, -CH2-CI), 4.10 (t, 2 H, O-CH2). 4.35 (t, 2 H, COO-CH2), 6.90-8.20 (m, 8 H, Ar-H) 
iV-Ló^-Hexyloxycarboxyazobenzene^'-oxy^exyll-iV.iV-diniethylamine (9) and 
iV-[6-hexyl(4,-hexyloxyazobeiizene-4-carboxylate)]-Af,iV-dimethylaniine(14) 
An amount of 1 g (2 mmol) of 8 was dissolved in 50 mL of a 20% (w/w) solution of dimethylamine in 
chloroform. This solution of was kept at room temperature for one night in a closed vessel. The solvent was 
removed under reduced pressure and the residue was dissolved in dichloromethane and extracted with water. 
The organic layers were dried on MgS04 and the solvent was evaporated. Yield 95 %. Compound 14 was 
prepared in a similar manner except that the solution of 13 was heated at 50 °C for several days in a closed 
vessel. 
*H NMR (CDCI3, TMS, 6, ppm); 0.90 (t, 3 H, (CH2)5-CÜ3), 1.20-2.0 (m, 16 H, -CH2-(CH2)4-CH2), 2.20 (m, 
8H, -CH2-N(CH3)2) 3.43(t, 2H, -Qfe-Br), 4.09 (t, 2H, O-CH2), 4.32 (t, 2H, COO-CH2), 6.90-8.20 (m,8H,ArH) 
A?)iV-Di[6-(4-hexyloxycarboxyazobeiizene-4'-oxy)hexyl]-iV,iV-dimethylammonium bromide (1) and 
iV-[6-(4-hexyloxycarboxyazobenzene-4'-oxy)hexyl]-iV-[6-hexyl(4'-hexyloxyazobenzene-4-carboxylate)]-
N./V-dimethylammonium bromide (2) and 
N,iV-Di[6-hexyl(4' -hexyloxyazobenzene-4-carboxylate)]-iV,iV-dimethylammonium iodide (3) 
An amount of 0.5 g of both 8 and 9 was dissolved in 10 mL of 2-butanone and refluxed for 16 h. 
After cooling, the solvent was evaporated and the residue was dissolved in a small amount of dichloromethane. 
The product (1) was obtained by precipitation using petroleum ether (bp. 40-60) and recrystallized from acetone. 
Yield 70 %. Compound 2 was prepared similarly from 8 and 14 and compound 3 from 13 and 14. In the latter 
case the solution was heated to 100°C in a closed reaction vessel for 48 h in the presence of an excess of KI. 
^ - N M R (CDCI3, TMS, 5, ppm) 0.90 (t, 6H, (CH2)5-CH3), 1.20-1.95 (m, 32H, -CH2-(CH2)4-CH2), 3.35 (s, 
6H, N-CH3), 3.60 (m, 4H, N-CH2), 4.05 (t, 4H, O-CH2), 4.32 (t, 4H, COO-CH2), 6.90-8.20 (m, 16H, Ar-H). 
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(1) Anal. Calcd for C52H72O6N5Br(0.5 H2O): C, 65.60; H, 7.73; N, 7.36. Found: C, 65.52; H, 7.76; N, 7.41. 
(2) Anal. Calcd for C52H72O6N5Br(0.5 H2O): C, 65.60; H, 7.73; N, 7.36. Found: C, 65.60; H, 7.79; N, 7.34. 
(3) Anal. Calcd for C52H72O6N5l(0.5 H2O): C, 61.41; H, 7.28; N, 6.89. Found: C, 61.15; H, 7.67; N, 6.52. 
8.4.2 Methods 
The thermotropic phase behavior has been investigated with a polarization microscope (Olympus BH-2) 
equipped with a hot stage (Mettler FP82HT) which was connected to a temperature controller (Mettler 
FP80HT). Differential scanning calorimetry was performed on a Perkin Elmer DSC 7. 
Bilayer vesicles were prepared by sonication of the solid compounds in ultrapure water (1 wt %) until clear 
dispersions were obtained using a Vibracell sonifier from Sonics and Materials Inc. Bilayer thicknesses were 
determined by small angle X-ray reflectivity of films that were prepared by casting vesicle dispersions onto 
silicon wavers. 
The monolayers at the water-air interface were spread from chloroform solutions (1 mg/ml) using a Hamilton 
syringe. The 7t-A isotherms were recorded on a Lauda FW2 Langmuir trough which was thermostatted at 20 °C. 
Compression speeds of 1000 cm^/h were used. The water used for the subphase was purified through a Seralpur 
Pro 90 purification system. The monolayers were irradiated with light of 366 nm using a Camag Universal UV-
lampe 29230 which was positioned at 10 cm from the monolayer. The light has an intensity of approximately 0.5 
mW/cm^ at the monolayer. The UV absorption spectra at the water-air interface were recorded with a quartz 
fiber optic probe (Spectrofip 8452, Photonetics) connected to a HP 8452 A diode array spectrophotometer. 
The surface potential was recorded with a vibrating condenser voltmeter (model 320B EX from Trek Inc). The 
surface potential of an amphiphilic monolayer at the water-air interface can be described as a linear combination 
of three different terms. 
AV = AV0 + AVp + ¥ 0 
The term AV0 is the surface potential for a clean water-air surface and is usually -300 to -500 mV. This 
contribution is caused by the asymmetry of the water-air interface which leads to the orientation of the water 
molecules (with the oxygen pointing towards the air). The second term, AVp, arises from the permanent dipole 
of the amphiphilic molecule. This may be further subdivided into contributions from different parts of the 
molecule. The third term W0, is called the double layer potential and is caused by the charges in the amphiphile 
headgroup. The vibrating condenser only measures the vertical components of these dipole moments. The 
dipolar term, AVp, may be expressed a s ^ : 
EotA EH Eyv E J 
where A is the mean area per surfactant molecule, HH is t n e dipole moment of the polar headgroup region, Hvv 
the contribution of the oriented water molecules which constitute the hydration shell of the amphiphile 
headgroups at the water-air interface and (iT the dipole moment of the hydrophobic part (for aliphatic chains 
only the terminal -CH3 group contributes to this term). eH, 67 and Ew are the local dielectric constants for the 
headgroup, tail and the interfacial water region respectively. 
Our measurements were performed using ultrapure water as subphase. A reference electrode (copper wire) was 
inserted in the subphase and the vibrating plate was positioned 1-2 mm above the water surface and the surface 
potential was set to zero. Finally the monolayer was spread. The values of AV reported here are always with 
respect to the clean subphase interface. 
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Surfactant-polyelectrolyte 
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Chapter 9 
Abstract 
The lyotropic and thermotropic phase behavior of some surfactant-
polyelectrolyte complexes have been investigated. 
It has been observed that upon heating the insoluble complex of 
didodecyldimethylammonium bromide (DDAB) and poly(acrylic 
acid) (PAA) in water, multivesicular superstructures are formed, 
which morphologically strongly resemble biological tissues. The 
mechanism of the formation of these multivesicular superstructures 
is somewhat different from the vesicle formation of pure crystalline 
surfactants. 
The complexation of double chained ammonium amphotropes to 
poly(acrylic acid) results in the formation of ionically bound side 
chain liquid crystalline polymers. Analysis of the thermotropic 
phase behavior of these complexes shows broader liquid crystalline 
temperature ranges and higher isotropization temperatures than for 
the monomeric amphotropes. 
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9.1 Introduction 
Biological tissues consist of lipid membrane cells which are inter- and intracellularly stabilized 
by biopolymers like proteins and polysaccharides.1 The study of the interaction between water-
soluble polymers and bilayer forming surfactants is therefore highly relevant to a better 
understanding of the organization of these complex structures.2-3 However, studies on the 
interactions between ionic surfactants and oppositely charged polyelectrolytes4-9 in aqueous 
solution are often hampered by the formation of precipitates.10-12 Recently, the solid state 
structure and material properties of these complexes have become focus of interest. The lamellar 
bilayer structure is often preserved in the bulk and the polymer acts as an external stabilizer.13-
18 
This chapter presents an morphological study of the insoluble complex of didodecyldimethyl-
ammonium bromide (DDAB) and poly(acrylic acid) (PAA) in water using optical microscopy. 
In addition the thermotropic phase behavior of complexes of PAA with double chained 
ammonium amphotropes has been investigated using hot stage polarization microscopy and 
differential scanning calorimetry. 
9.2 Results and discussion 
9.2.1 Superstructures from didodecyldimethylammonium bromide and poly(acrylic 
acid) 
A thin film of DDA-PAA complex was prepared by casting an ethanolic solution of DDAB and 
PAA (1:10 monomeric units) onto a microscope glass slide. After addition of water this initially 
clear film becomes turbid and swells but remains tightly adsorbed onto the microscope slide. 
Subsequent heating of the water-covered film for 1 min at 80 °C results in the spontaneous 
formation of immense numbers of vesicles. The vesicles are immobilized in the surrounding 
matrix of DDA-PAA hydrogel (Figure la,b). In some locations the vesicles are so closely 
packed that they form tissue-like superstructures (Figure lc-f). The diameter of the vesicles 
varies from smaller than 1 um to 30 um. 
Less developed superstructures can also be prepared by heating the water-covered precipitate 
obtained by mixing aqueous solutions of DDAB and PAA or by heating a cast DDAB film 
covered with an aqueous PAA solution. In the latter case sometimes spherical matrix particles 
including one or more vesicles detach from the surface and migrate freely through the solution 
(Figure lg). The vesicles are then clearly observed in the interior of the matrix particle. 
Sometimes the enveloping matrix layer is very thin and the particles resemble normal giant 
bilayer vesicles.19-21 
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Figure 1. (a,b) Optical micrographs of vesicles embedded in a blob of DDA-PAA matrix adsorbed on a 
microscope slide. 
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(c,d) Optical micrographs of densely packed vesicles in the hydrated DDA-PAA film. 
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(e,f) Optical micrographs of densely packed vesicles in the hydrated DDA-PAA film. 
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(g) Optical micrograph showing DDA-PAA matrix particles containing one or more vesicles; 
(h) Collapsed vesicles due to osmotic dehydration after the addition of a salt solution. 
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Proof for the presence of water containing vesicles was obtained from the following 
observations: (1) heating of the film in the absence of water does not result in the formation of 
superstructures; (2) upon evaporation of water the vesicle structures collapse; (3) Osmotic 
shrinkage and subsequent collapse of the larger vesicle structures are observed after addition of 
a hypertonic salt solution (see Figure lh).22-23 The smaller vesicle structures only deteriorate 
under these conditions. 
The formation of tissue-like superstructures is observed between pH 1 and 10 although the 
tissues become increasingly unstable at both extreme pH values. When stored in pure water 
these tissue-like structures are stable for at least several weeks. The stability of the 
superstructure is further enhanced by a strong adhesion of the matrix to the glass substrate. 
Good quality tissue-like samples are obtained when PAA and DD AB are mixed in a ratio of 
approximately ten acrylate units to one DD AB molecule. Upon increasing the ratio of DD AB to 
PAA, the formation of myelin structures and free bilayer vesicles becomes predominant upon 
heating of the submersed cast film, as is also observed for pure DDAB.22 Under optimal 
conditions the binding sites of the polymer are only partially occupied by DDA cations. The 
DDA cations might thus be able to migrate along the polymer backbone, facilitating the 
reorganization of the material into multivesicular superstructures. 
When other polyelectrolytes are used like polysulfonates,24 alginic acid or hydrophobically 
modified poly(maleic acid),25 no tissue-like structures are observed. Presumably the interaction 
between the surfactant and the polyelectrolyte must not be too strong in order to allow a 
reorganization of the material. Using dioctadecyldimethylammonium bromide instead of 
didodecyldimethylammonium bromide also does not result in the formation of tissue-like 
structures. Probably, the low monomer solubility of this compound with respect to DDAB 
hampers an easy reorganization of the complex. Using the single chained amphiphile 
hexadecyltrimethylammonium bromide however does also result in the formation of tisue like-
structures. The formation of tissue-like structures therefore seems to be determined by a delicate 
balance of interactions. 
Our observations suggest that vesicles in the DDA-PAA hydrogel are formed via a different 
mechanism than that observed for pure crystalline vesicle forming surfactants. In the latter case 
the hydrated surface of the crystalline surfactant forms myelin structures, from which the 
vesicles detach.26-28 In the DDA-PAA hydrogel the vesicles are formed in the hydrated bulk of 
the material. Upon heating, the already swollen material is probably further hydrated and the 
molecules are given the mobility to reorganize into the vesicular structures. The tissue-like 
superstructure is then stabilized by the presence of the negatively charged PAA which binds and 
interconnects the positively charged DDA bilayer vesicles. This concept is based on the fact that 
besides tissues, freely migrating vesicle structures are observed which look very similar to 
normal bilayer vesicles. Furthermore, the tissues show birefringence between crossed 
144 
Surfactant-polyelectrolyte complexes 
polarizers indicating the presence of ordered structures. The presence of bilayer structures in the 
tissues has however not been proven and no phase transition was observed by DSC. 
9.2.2 lonically bound side chain liquid crystalline polymers 
Recently, the solid state structure and thermotropic properties of surfactant-polyelectrolyte 
complexes have become focus of interest.29-30 Electrostatic complexation of amphotropes to 
oppositely charged polyelectrolytes results in the formation of ionically bound side chain liquid 
crystalline polymers. It turns out that these complexes can easily be dissolved in organic 
solvents and cast to films of high homogeneity and mechanical stability.13'14 The smectic layer 
structure is usually preserved in the bulk and the polymer acts as an external stabilizer.29-30 
Complexation with an oppositely charged polyelectrolyte usually results in a stabilization of the 
liquid crystalline phase with respect to that of the uncomplexed amphotrope. 
The DSC thermogram of compound 1 is given in Figure 2. By hot stage polarization 
microscopy this compound is seen to melt at 112 °C and to form a monotropic nematic phase at 
108 °C upon cooling. The DSC thermogram of the 1:2 complex with poly(acrylic acid) (1:PAA 
in monomeric units) shows that the melting peak has disappeared indicating that 1 is not present 
in a crystalline state. The material is however strongly biréfringent which means that the 
complex is probably in a (undercooled) liquid crystalline state. The DSC thermogram further 
shows a reversible phase transition at about 160 °C. This is the isotropization temperature as 
was confirmed by polarization microscopy. The isotropization temperature of this complex thus 
lies considerably higher than for the pure compound 1. 
The DSC thermogram of compound 2 is given in Figure 3. This compound melts at about 140 
°C and gives a smectic A phase and finally becomes isotropic at 175 °C. The higher 
isotropization temperature of this compound as compared to that of 1 is attributed to stronger 
stacking interactions between azobenzenes than between biphenyls which might be caused by 
the presence of the polarizable nitrogen atoms (see Chapter 2). In the 1:2 complex with 
poly(acrylic acid) the melting peak has disappeared and the isotropization temperature is seen to 
increase to 216 °C. 
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Figure 2. DSC thermograms of compound 1 as pure compound (dotted lines) and of the 1:2 (in 
monomelic units) mixture with poly(acrylic acid) (solid lines). Both the heating and the cooling traces 
are displayed. Positive peaks correspond to endothermic phase transitions. 
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Figure 3. DSC thermograms of compound 2 as pure compound (dotted lines; heating and cooling 
traces) and of the 1:2 (in monomeric units) mixture with poly (acrylic acid) (solid line; heating curve). 
Positive peaks correspond to endothermic phase transitions. 
9.3 Conclusions 
The DDA-PAA complex has been shown to form ordered multivesicular assemblies in water 
which resemble the architecture of biological tissues. Like in biological tissues, where 
polypeptides and polysaccharides are known to keep the phospholipid walled cells together,1 it 
is suggested that in our system DDA vesicles are held together by the PAA matrix. We have 
146 
Surfactant-polyelectrolyte complexes 
thus made a step forward from the study of synthetic bilayer vesicles, which are model systems 
for single cells, to the more complex multivesicular assemblies which could be regarded as 
model systems for biological tissues. 
Ionically bound side chain liquid crystalline polymers are readily formed by complexation of 
poly(acrylic acid) with double chained ammonium amphotropes. These materials have the 
benefits of both monomers and polymers i.e. a good solubility in organic solvents and broad 
liquid crystalline temperature ranges. 
9.4 Experimental section 
The lyotropic samples were prepared as follows: a solution of DDAB (0.02 M) and PAA (0.2 M in monomelic 
units; M w = 90,000) in ethanol was cast onto a glass microscope slide to give a thin film. After drying this film 
was covered with pure water and subsequently heated at 80 °C for 1 minute on a Mettler FP82HT hot stage. No 
corrections of the pH were made (pH = 3). After cooling to room temperature the turbid films which were still 
covered with water were inspected by optical microscopy using an Olympus BH-2 microscope. 
The amphotrope-PAA complexes were prepared by addition of an aqueous PAA solution to an aqueous vesicle 
dispersion of the amphotrope (2:1 in monomelic units). The precipitate was lyophilized to give a fluffy powder. 
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Triple chained amphotropes 
Chapter 10 
Abstract 
A number of triple chained ammonium amphotropes has been 
synthesized with cyano- and nitrobiphenylyl and azobenzene mesogenic 
moieties at the termini of their hydrophobic chains. These compounds 
exhibit thermotropic liquid crystalline behavior and form stable 
monolayers at the water-air interface. The monolayers give Z-type 
transfer onto hydrophilic quartz. However, the transferred material 
reorganizes and the morphology of the film appears to depend on the 
thermotropic properties of the material. For the azobenzene containing 
Langmuir-Blodgett multilayers molecular reorganization is observed 
upon irradiation with UV light or upon heating to give well ordered, 
centrosymmetric, homeotropically aligned films. 
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10.1 Introduction 
In recent years, the interest in Langmuir-Blodgett (LB) technology for the preparation of thin 
organic films has increased enormously.1"4 Organic molecules have the advantage that they can 
easily be modified and designed to exhibit a specific function. The idea of 'tailor made' 
molecules that would form mono- and multilayers with special, desired properties has inspired 
many researchers. However, the relationship between the molecular structure of compounds 
and the properties of their assemblies in mono- and multilayers is still poorly understood. 
For example, there is great interest in non-centrosymmetric LB-multilayer assemblies.5'6 These 
assemblies show great potential as materials with piezoelectric or non-linear optical (NLO) 
properties. For non-chiral compounds only X- or Z-type multilayers are non-centrosymmetric. 
Unfortunately, X- and Z-type multilayers are often not stable and rearrange into Y-type 
structures by molecular turnaround.7 So far only few monomeric materials have been reported 
to produce genuine X- and Z-type multilayers.8-14 
In the chapters 4, 515-16 and 8 we have reported on the monolayer formation of double chained 
ammonium amphiphiles containing one or two mesogenic moieties. These so-called 
amphotropic molecules combine lyotropic and thermotropic mesomorphism and are promising 
candidates for the formation of non-centrosymmetric multilayer assemblies because of their 
bolaform structure. Furthermore, it is envisaged that it should be possible to influence the order 
within the layers of these amphiphiles by bringing the layers in a liquid crystalline phase and 
exposing them to strong electric or magnetic fields. 
However, it was found that these compounds do not give stable LB-monolayers or satisfactory 
deposition to multilayers. We have therefore extended our work to triple chained ammonium 
amphiphiles with terminal mesogenic groups. Hydroxyethyl groups were introduced in the 
headgroup region and nitro groups at the termini to favor head-to-tail hydrogen bonding 
between successive layers in order to stabilize possible Z-type structures. 
All mesogens consist of a donor-rc-acceptor system. This creates the possibility to investigate 
the films with UV and fluorescence spectroscopy and by second harmonic generation. Besides 
the biphenyl mesogens, azobenzene mesogens were also investigated. The effect of the light 
induced trans-cis isomerization process on the organization of the individual molecules in the 
film has been studied. 
10.2 Results and discussion 
10.2.1 Thermotropic properties 
The synthesis of the amphiphiles is represented in Scheme 1. The compounds 4a-d are 
synthesized in a two step reaction starting from the phenols a-d. The synthesis of 3a and 3c 
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requires an additional step. Because monomethylamine is a gas at room temperature, direct 
quaternization of the amine is difficult. The monomethyl amine is therefore first alkylated with 
one molecule of la or lc. The non-volatile reaction products (2a,c) are subsequently 
subjected to quaternization with two equivalents of la or lc. 
HOR 
BrCnH2nBr 
ROCnH 
R O C n H 2 n B r 
2n;iNi iwie * • 
2 a,c 
NH2Me 
H2NC2H4OH 
- ROCnH2nBr » • 
M i-d 
(ROCnH2n)3N+Me Br 
3 a,c 
(ROCnH2n)3N+C2H4OH Br' 
4a-d 
HOR: 
HO ^ A ^ ^ C N HO—f \—/ Y- N02 
HO- N /^y-CN ^\=J~ *u \f NO, 
n = 12for4a-dand3 a 
n = 10 for 3 c and 2 c 
Scheme 1. Synthetic pathways and structures of compounds 3a, 3c and 4a-d. 
The molecular structures and the purity of the intermediates and the final products were 
confirmed by !H-NMR spectroscopy, thin layer chromatography (TLC) and elemental 
analyses. Most of the amphiphiles contained 0.5-1 mol of crystal water. 
All these novel compounds show liquid crystalline phases which are probably smectic A as 
judged from their fan-shaped focal-conic textures as observed by polarization microscopy 
(Figure 1). Table 1 gives the melting points (Mp) and the phase transition temperatures of the 
liquid crystalline (LC) phase to the isotropic (I) phase. The phase transition enthalpies as 
determined by DSC are also given. 
Compound 3a shows a monotropic LC phase. Compound 4a, on the other hand, has an 
enantiotropic LC phase. In this case the substitution of one methyl group for a hydroxyethyl 
group in the headgroup lowers the melting point below the LC-I transition temperature which 
itself is not affected. Upon comparing 3c and 4c it is again seen that the LC-I transition 
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temperature is not strongly influenced by a change in the headgroup region and alkyl chain 
length. The LC-I transition temperature seems to be determined by the mesogenic units. 
It is interesting to note that for 4d the enthalpy change for the crystalline to liquid crystalline 
transition is lower than for the LC-I transition. Usually this transition enthalpy is several times 
higher than for the LC-I transition. This may indicate that the intermolecular forces within the 
crystal lattice are only slightly stronger than in the LC phase. For compound 4b no crystalline 
phase could be observed. This compound is isolated in a viscous smectic phase as deduced 
from the observed focal-conic textures (Figure 1). 
Table 1. Melting Points (Mp) and Liquid Crystalline-lsotropic Phase Transition Temperatures (LC-I) 
and the corresponding Phase Transition Enthalpies (AH). 
Compound Mp 
(°C) 
LC-I 
(°C) 
AHmP 
(kJ/mol) 
AHLC-I 
(kJ/mol) 
3a 
3c 
4a 
4 b 
4c 
4 d 
130 
94,105b 
74 
_c 
145 
60 
108a 
172 
108 
120 
172 
191 
21 
18 
9 
-
25 
4 
6.1 
7.2 
5.5 
9.6 
10 
13 
a
 monotropic liquid crystalline phase 
0
 two transitions were observed in the DSC experiment 
c
 not observed starting from 20 "C 
Figure 1. Polarizing optical micrograph of a smectic phase of 4b at room temperature. 
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The precence of mesogenic units in these molecules enhances their tendency to form liquid 
crystalline phases. This might be advantageous for obtaining highly ordered LB multilayers. 
Apparently, the polar headgroup has a strong influence on the melting point but not on the 
liquid crystallinity. 
10.2.2 Monolayer properties 
All compounds 3 and 4 form monolayers at the water-air interface. In Figure 2 the surface 
pressure-area isotherms of the biphenyl compounds 3a, 4a and 4b are presented. The large lift 
off areas of the 7t-A isotherms indicate that these molecules initially lie flat at the water 
surface.15-16 This orientation is favored by the positive interaction between the hydrophilic 
parts of the mesogens and the aqueous subphase.18"20 Upon compression the surface pressure 
increases until a plateau region is reached. This can be interpreted as the point where the 
interaction between the mesogen part and the aqueous subphase is broken and the hydrophobic 
tails are lifted from the interface. The monolayer can now be compressed until all molecules are 
oriented with their tails toward the air. At this point, where the molecules are in a close packed 
arrangement, further compression leads to a steep increase in surface pressure. Ultimately, the 
monolayers collapse at pressures of about 25 mN/m. 
The shape of the isotherms is not affected much by the rate of compression or the temperature 
of the subphase. Furthermore, the isotherms are reproducable upon expansion and subsequent 
recompression. 
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Figure 2. n-A Isotherms of compounds 3a, 4a and 4b. 
Looking in more detail at the isotherms of 3a and 4a, it is seen that substitution of the methyl 
group by an hydroxyethyl group does not dramatically affect the 7t-A isotherms. This can be 
expected because even at the collapse area, the size of the headgroup is not large enough to 
influence the 7C-A isotherm. Surprisingly, substitution of a cyano group by a nitro group in the 
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mesogen has a large effect on the lift-off area and the plateau value of the surface pressure as is 
seen upon comparing 4a and 4b. This supports the rationalization that the mesogen has an 
interaction with the aqueous subphase, although the different mesogens might have different 
interactions. 
The 7t-A isotherms of the azobenzene compounds 4c and 4d are given in Figure 3. 
Substitution of the biphenyl unit for an azobenzene moiety results in an increased lift off area 
because each molecule now takes up more space when it lies on the water-air interface. As for 
the biphenyl compounds substitution of the cyano group for a nitro group in the azobenzene 
unit results in a reduction of the lift off area. 
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Figure 3. n-A Isotherms of compounds 4c and 4d. 
Figure 4. Schematic representation of the sequential repulsion of the hydrophobic tails from the 
water-air interface. 
It is interesting to note that for the molecules with azobenzene mesogens two plateau regions in 
the 7I-A isotherms are observed, whereas for the biphenyl compounds only one plateau is 
found. This result can be tentatively explained by assuming that at the lower plateau one of the 
hydrophobic chains is selectively repelled from the interface and that at the second plateau both 
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other tails are rejected from the interface, as illustrated in Figure 4. This implies that for the 
biphenyl compounds there is no preference for consecutive removal of the hydrophobic chains 
from the interface. This difference in behavior might be related to the degree of order within the 
monolayer. It is suggested that the higher the degree of order, the more the molecules will 
experience the same lateral pressure and they will cooperatively reject their first tail. When there 
is less order this will cause pressure inhomogeneities within the monolayer. Consequently, not 
all molecules will rearrange cooperatively. 
Additionally, higher collapse pressures are observed for the azobenzene containing compounds 
than for the biphenyl containing compounds. This is again attributed to stronger interactions 
between azobenzenes than between biphenyls which result in the formation of a more stable 
monolayer. 
200 
Â /molecule 
Figure 5. K-A Isotherms of 3c before (solid line) and after irradiation (dashed line) of the spreading 
solution with light of 366 nm until the photostationary state is reached. 
Figure 5 shows the 7I-A isotherms of 3c before and after irradiation of the spreading solution 
with UV light (366 nm). By irradiation a part of the azobenzene moieties is converted from the 
linear trans isomer to the bend cis isomer. The spontaneous isomerization of these cis 
azobenzenes to the energetically favored trans form is slow at room temperature. We can thus 
be sure that a considerable amount of cis azobenzenes is present in the monolayer during the 
recording of the 7t-A isotherm. This is expected to reduce the local order within the monolayer. 
The effect is that the two plateaus are not distinguishable anymore. Another result of the 
irradiation is the lowering of the collapse pressure. Because of the different shape of the 
mesogens in the trans and the eis form, the mesogens no longer pack efficiently, leading to a 
destabilization of the monolayer. 
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10.2.3 Langmuir-Blodgett films 
The monolayers of 3a, 3c and 4b and 4d can be transferred onto hydrophilic quartz in a Z-
type (head-to-tail) deposition with transfer ratios of approximately unity. Compounds 4a and 
4c, which have a hydroxyethyl group in combination with a cyano group, give lower transfer 
ratios. After deposition of the first layer during upstroke movement of the substrate the surface 
remains hydrophilic owing to the presence of terminal hydrophilic cyano or nitro groups. 
Therefore, both the advancing and receding contact angles of the water meniscus are < 90 °, 
resulting in Z-type transfer. 
Inspection of the transferred layers of 3a with Atomic Force Microscopy (AFM) reveals a 
surface covered with microcrystals (data not shown). This suggests that crystallization of the 
transferred material occurs after or during the deposition. Deposited films (ten monolayers) of 
3c are also not flat, showing altitude differences of 20-50 nm, indicating that here also 
reorganization has taken place. However, no crystallites are seen which could mean that the 
material is in an undercooled liquid crystalline state. 
Compounds 4b and 4d have a hydroxyethyl group, which is a hydrogen bond donor, in the 
headgroup and nitro groups, which are hydrogen bond acceptors, at their termini. Despite the 
possibility for stabilization of Z-type multilayer assemblies by head-to-tail hydrogen bonding, 
no significant second harmonic generation was found for the transferred multilayers of either of 
these compounds. This means that stable Z-type structures are not obtained. It seems that for 
these compounds the driving force for molecular turnaround cannot be compensated by this 
type of head-to-tail hydrogen bonding. 
The UV absorption spectrum of multilayers of 3c transferred onto quartz is given in Figure 6. 
The absorption band at 370 nm is somewhat distorted with respect to the monomer spectrum 
(not shown) because of the aggregated state of the molecules. When the quartz slide is 
positioned at different angles with respect to the propagation direction of the light beam, the UV 
spectra of these layers are identical. This means that the aggregates are randomly oriented in the 
transferred material. 
When the transferred material is irradiated with (non polarized) UV light, the intensity of the 
absorption band at 370 nm decreases as shown in Figure 6. As can be seen in Figure 7, now a 
blue shifted absorption band at 330 nm appears when the angle between the propagation 
direction of the light and the normal to the quartz slide is increased (60°). The appearance of a 
blue-shifted band indicates the presence of parallel chromophore stacks (so-called H-
aggregates).23-25 The fact that this absorption band is not seen when the propagation direction 
of the light is perpendicular to the quartz slide (0°) means that the transition dipole moments of 
the H-aggregates are directed perpendicular to the quartz surface. In this case there is no overlap 
between the electronic vector of the irradiated light and the transition dipole moment of the 
mesogens, which lies approximately parallel to the long axis of the mesogen.26 By irradiation 
we have thus obtained a homeotropic smectic phase in which layers of molecules lie parallel to 
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the quartz surface. This was also confirmed by polarized UV absorption measurements. This 
homeotropically aligned phase does not show any second harmonic generation indicating that 
the structure is fully centrosymmetric (head-to-head, tail-to-tail). 
wavelength (nm) 
Figure 6. UV absorption spectra of LB-multilayers of compound 3c transferred onto quartz (15 
monolayers on each side): immediately after transfer (solid line) and after 10 minutes of irradiation at 
366 nm with an intensity of 10-20 mW/cm2 (dashed line). 
0.12-1 
wavelength (nm) 
Figure 7. UV absorption spectra of transferred LB-monolayers of compound 3c (5 monolayers on 
each side) after 10 minutes of irradiation at 366 nm with an intensity of 10-20 mW/cm2. The angle 
between the light beam and the normal of the quartz slide is varied (0° and 60°). 
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Figure 8. Image of a quartz slide which is covered with ten LB monolayers of 3c. The clear (dark) 
patterns are obtained by irradiation of the film with UV light of 366 nm (no contrast amplification). 
The same homeotropic arrangement could be obtained by heating the transferred material (not 
irradiated) to approximately 90 °C. This suggests that in the transferred material the molecules 
are in a thermodynamically unstable situation where an energy barrier prevents the formation of 
the more stable homeotropic phase. This homeotropic smectic phase is probably stabilized by 
the possibility of extensive jt-7t stacking and a positive alignment interaction with the substrate. 
Upon heating the material the molecules are given the energy to form the aligned phase. 
It is known that irradiation of disordered films of azobenzene containing materials can lead to 
photoinduced optical anisotropy.27_31 The irradiated light causes trans-cis isomerization of the 
azobenzene units followed by a reorientation (the probability for the molecular axis returning to 
the original position is small). This sequence of absorption, isomerization and reorientation will 
be repeated until the transition dipole moment of the trans azobenzene lies parallel to the 
propagation direction (or perpendicular to the polarization direction) of the light. This 
photoselection process can induce a macroscopic anisotropy. The obtained situation is usually 
not thermodynamically stable. 
In most cases described in the literature, the anisotropy is lost upon heating of the irradiated 
layers.27"31 For LB-layers of 3c an anisotropic order is spontaneously attained upon heating 
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which remains even after cooling, indicating that the formation of the homeotropic phase is 
energetically favorable. Because photoselection is based on statistical reorganization of the 
molecules, it would be very unlikely that structures in which the mesogens are all perfectly 
stacked would be formed. It is therefore assumed that for 3c the irradiation induced anisotropy 
is not caused by photoselection but that upon irradiation the molecules are given enough energy 
to surpass the energy barrier to form the energetically favored homeotropic phase. Spincoated 
films of 3c behave in the same way as the LB-films, although upon spincoating a portion of the 
molecules immediately enters the homeotropic phase. 
Recently, Schönhoff et a/.32 have observed a similar phenomenon upon irradiation of LB films 
of azobenzene containing molecules. They speculated that the excitation energy is not able to 
induce trans-cis isomerization which is sterically hindered in these films. Instead, the excitation 
energy will be dissipated as thermal energy. This causes the irradiated material to melt locally. 
The subsequent reorganization of the material will be driven by a reduction the total surface 
energy. 
Because irradiation of these LB-films leads to a fading of the color (see also Figure 6) and 
reduction of the turbidity due to reorganization of the molecules, it is possible to write in these 
layers by means of UV light. The written patterns are stable for at least several months (Figure 
8). Unfortunately, the layers are not thermally stable, because upon heating above 90 °C the 
remaining molecules also assume the homeotropic alignment and the patterns disappear. After 
heating the molecules cannot be reoriented anymore, because even after bringing the molecules 
into the isotropic phase, the homeotropic phase is reformed upon cooling. 
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Figure 9.UV absorption spectra of LB-monolayers of compound 4d transferred onto quartz (7 
monolayers on each side). The angle between the light beam and the normal of the quartz slide is 
varied (0°, 30° and 60"). 
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Compound 4d gives a homeotropic phase (head-to-head, tail-to-tail) directly after LB transfer 
or spincoating. X-ray diffraction analysis suggests that the mesogenic units are interdigitated in 
this phase. This compound has a lower melting point than 3c, which could be the reason that 
the homeotropic phase can be reached at room temperature, whereas for 3c it is kinetically 
limited at room temperature. Figure 9 shows the UV spectra of LB multilayers of 4d at three 
different angles of incidence. The presence of H-aggregates perpendicular to the substrate is 
clearly seen. 
Compound 4b does not give a homeotropic phase upon LB transfer or spincoating. Not even 
after heating. Instead a smectic bulk phase is formed which shows identical UV spectra under 
different angles. This shows the importance of the azobenzene mesogen in inducing the 
homeotropic phase. 
10.3 Conclusions 
A series of novel triple chained ammonium amphiphiles containing terminal biphenyl and 
azobenzene mesogens has been synthesized. All these novel compounds form stable 
monolayers at the water-air interface. The molecules initially lie flat at the water surface but 
upon compression the hydrophobic tails are lifted from the interface. The compounds with the 
azobenzene mesogens give n-A isotherms with two plateaus and high collapse pressures, 
whereas the compounds with biphenyl mesogens give only one plateau and relatively low 
collapse pressures. This is explained by a greater ordering in the monolayers of the azobenzene 
compounds caused by the stronger interaction between azobenzenes than between biphenyls. 
Substitution of a cyano group for a nitro group in the mesogen has a major influence on the 7t-A 
isotherms indicating that the mesogens play an important role in the different interactions at the 
aqueous subphase. These novel compounds show Z-type transfer (head-to-tail) onto quartz, but 
the multilayers are not stable and reorganize, despite of the possibility of head-to-tail hydrogen 
bonding. This reorganization probably already occurs during the transfer process. None of the 
transferred layers shows second harmonic generation. The final aggregation form that is 
obtained after Z-type transfer depends on the thermotropic properties of the compounds and the 
nature of the mesogen. Compound 3a, which has a high melting point and a monotropic LC 
phase is found to crystallize after deposition. For 4b, which is liquid crystalline at room 
temperature the transferred layers show no homeotropic alignment. The azobenzene containing 
compound 4d, which has a low melting point (60 °C) forms a homeotropic smectic phase after 
LB deposition or spincoating. At room temperature this compound has enough kinetic energy to 
form the head-to-head, tail-to-tail homeotropic phase. The azobenzene containing compound 3c 
(Mp = 96 °C) gives an undercooled LC phase. During the transfer process molecular 
turnaround occurs toward the favored homeotropic alignment, but this process stops 
161 
Chapter 10 
prematurely probably because it is kinetically inhibited. Only by irradiation with UV light or by 
heating above 90° C the molecules are given enough energy to form the homeotropic smectic 
phase. This phenomenon can be applied in the field of optical data-storage because we can write 
patterns in these layers using UV light. 
10.4 Experimental section 
10.4.1 Synthesis 
4'-Cyano-4-hydroxybiphenyl (a) was obtained from Merck. 4-Hydroxy-4'-nitrobiphenyl (b) was synthesized as 
described previously.*'" 4'-Cyano-4-hydroxyazobenzene (c) and 4-hydroxy-4'-nitroazobenzene (d) were prepared 
by reaction of the diazonium salts of 4-nitroaniline or 4-aminobenzonitrile with phenol. *' 
12-Bromo-l-RO-dodecane (la-d) 
A mixture of 25 mmol of the appropriate phenol (a-d) and 50 mmol of 1,12-dibromododecane and 50 mmol 
K2CO3 in 100 mL of 2-butanone was refluxed for 16 h. The salt was removed by filtration and the filtrate was 
concentrated by evaporation of the solvent. The product was purified by column chromatography on silica gel 
using petroleum ether (bp. 40-60 °C)/CH2Cl2, 1:1 (v/v) as eluent. Yield 60 %. 
ÎH-NMR (CDC13, TMS, Ô, ppm); 1.40 (m, 16 H, -(CH2)8-), 1.80 (m, 4 H, Br-CH2-CÜ2-, RO-CH2-CH?-), 
3.40 (t, 2 H, Br-CH2-), 4.00 (t, 2 H, RO-CH2-), 7.00- 8.30 (m, 8 H, Ar-H). 
A'-(12-RO-dodecyI)-A'-methylamine (2a) 
A solution of 0.5 g of the bromide la in 20 mL of a solution of monomethylamine in CHCI3 (25% w/w) was 
kept for 16 h at room temperature. The solvent and the excess of monomethylamine were destilled off and the 
residue was dissolved in CHCI3 and extracted with water. The organic layers were dried on MgSC>4 and the pure 
product was obtained by removal of the solvent. Yield 100 %. 
*H-NMR (CDCI3, TMS, 5, ppm); 1.40 (m, 16 H, -(CH2)8-), 182 (m, 4 H, N-CH2-ÇH2- and RO-CH2-ÇH2), 
2.65 (s, 3 H, N-CH3), 2.98 (m, 2 H, -CH2-N), 4.00 (t, 2 H, RO-CH2), 7.00- 8.30 (m, 8 H, Ar-H). 
Compound 2c was synthesized with a decyl spacer by the same method as used for 2a. 
A',A',iV-Tris(12-RO-dodecyl)-A'-methylammonium bromide (3a) 
A mixture of 0.1 g of 2a and a twofold excess of the appropriate bromide (la) and a twofold excess of NaHCC>3 
in 10 mL of acetonitrile was heated at 130 °C for 48 h in a closed reaction vessel. The solvent was destilled off 
and the residue was treated with CH2CI2 and filtered to remove the salts. The product was purified by column 
chromatography on silica gel with CH2Cl2/MeOH 10/1 (v/v) as eluent. Yield 50 %. 
!H-NMR (CDCI3, TMS, 8, ppm); 1.40 (m, 48 H, -(CH2)8-), 1.80 (m, 12 H, N-CH2-CÜ2-, RO-CH2-CH2-), 
3.32 (s, 3 H, N-CH3), 3.43 (m, 6 H, -CH2-N), 4.00 (t, 6 H, RO-CH2-), 7.00-8.30 (m, 24 H, Ar-H). 
Compound 3c was synthesized with a decyl spacer by the same method as used for 3a. 
3a: Anal. Calcd for C77HioiN40 4Br (1 H2O): C, 75.15; H, 8.38; N, 4.16. Found: C, 75.27; H, 8.29; N, 
4.83. 3c: Anal. Calcd for C7oHg7Nio04Br (1.3 H2O): C, 68.92; H, 7,40; N, 11.48. Found: C, 68.92; H, 
7.16; N, 10.97. Melting points are given in Table 1. 
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W,iV,iV-tris(12-RO-dodecyl)-iV-hydroxyethylammoniuin bromide (4a-d) 
A mixture of 10 mg (0.16 mmol) of ethanolamine, a threefold excess of a bromide (la-d)and a threefold excess 
of NaHC03 in 10 mL of acetonitrile was heated for 48 h at 130 °C in a closed reaction vessel. The solvent was 
destilled off and the residue was treated with CH2CI2 and filtered to remove the salt. The product was purified by 
column chromatography on neutral aluminum oxide (activity grade III) with CH2Cl2/MeOH 100/3 (v/v) as 
eluent. Yield 50 %. 
! H - N M R (CDCI3, TMS, 8, ppm); 1.40 (m, 48 H, -(CH2)8-). 1-80 (m, 12 H, N-CH2-CH2- and RO-CH2-
CÏÏ2), 3.40 (m, 6 H, (-CH2-)3N-CH2-CH2-OH), 3.48 (m, 2 H, (-CH2-)3N-CÜ2-CH2-OH), 4.00 (t, 6 H, RO-
CH2-), 4.13 (m, 2 H, (-CH2-)3N-CH2-£H2-OH), 5.44 (t, 1 H, -OH), 7.00-8.30 (m, 24 H, Ar-H). 
4a: Anal. Calcd for C77HioiN404Br (1.3 H2O): C, 73.98; H, 8.35; N, 4.48. Found: C, 73.93; H, 8.22; N, 
4.53. 4b: Anal. Calcd for C74Hi02N4Oi()Br (1 H2O): C, 68.13; H, 7.96; N, 4.30. Found: C, 68.10; H, 7.81; 
N, 4.26. 4c: Anal. Calcd for C77HioiNio04Br (1 H2O): C, 70.56; H, 7.77; N, 10.69. Found: C, 71.42; H, 
7.84; N, 10.87. 4d: Anal. Calcd for C74HioiNioOi()Br (1 H2O): C, 64.85; H, 7.43; N, 10.22. Found: C, 
65.14; H, 7.33; N, 10.21. Melting points are given in Table 1. 
10.4.2 Methods 
The Jt-A isotherms were recorded on a Lauda FW2 Filmwaage, which was thermostatted at 20 °C. The water used 
for the subphase was purified by filtration through a Seralpur Pro 90C purification system. The amphiphiles 
were spread from chloroform solutions (1 mg/mL) onto the aqueous subphase by use of a Hamilton syringe. 
After spreading, the monolayer was allowed to equilibrate for 5 minutes before compression started. A 
compression speed of 15 cm^/ min was used. 
Monolayers were transferred onto hydrophilic quartz at a constant surface pressure of 20 mN/m with vertical 
dipping speeds of 1 mm/min, except monolayers of 3c which were transferred at a pressure of 35 mN/m. The 
quartz substrates were thoroughly cleaned before usage by sonication in dichloromethane followed by treatment 
with chromic acid. The slides were rinsed with ultrapure water and dried in a stream of nitrogen. 
The azobenzene samples were irradiated with a CAMAG, Universal UV-Lampe 29230 at 366 nm. The samples 
were positioned at a distance of 2-3 cm from the UV-source where the radiation has an estimated intensity of 10-
20 mW/cm^. The UV spectra were recorded on a Varian, Cary 13E spectrophotometer. Polarization microscopy 
was performed using an Olympus BH-2 microscope equipped with a Mettler FP82HT hot stage and a FP80HT 
temperature controller. Differential scanning calorimetry measurements were performed on a Perkin Elmer DSC 
7 apparatus. Atomic Force Microscopy measurements were carried out on a Digital Instruments Nanoscope II 
FM instrument. 
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When the structural characteristics of amphiphiles and thermotropic liquid crystals are 
combined in one molecule i.e. a polar headgroup with apolar tails and mesogenic units, 
compounds are obtained which can exhibit both thermotropic and lyotropic mesomorphism. 
This class of compounds is called amphotropic liquid crystals. 
This thesis deals with the study of new amphotropic compounds. The majority of the new 
amphotropes consist of a cationic ammonium headgroup with one, two or three hydrophobic 
tails containing different mesogenic units, although some compounds with anionic 
headgroups have also been investigated. The goal of this thesis is to correlate the molecular 
structure with the self-assembling behavior of these compounds. Special attentention has been 
given to the effect of different mesogenic units on the aggregation behavior of these 
compounds in water and at the water-air interface. 
The single chained amphotropes form micellar aggregates in water. Interestingly, these 
aggregates are better stabilized by azobenzene mesogens than by biphenyl or stilbene 
mesogens, despite the more hydrophilic character of azobenzene. This is attributed to stronger 
7t-7t stacking interactions between azobenzene mesogens than between biphenyl and stilbene 
mesogens. The polarizable azo-group might give rise to extra dispersion interactions between 
the mesogens thus favoring self-aggregation (Chapter 2). 
The formation of ion-pair amphiphiles from these amphotropic ammonium compounds and 
sodium dodecylsulfate as second component can directly be monitoted by UV absorption 
spectroscopy and fluorescence spectroscopy. These ion-pair amphiphiles form bilayer 
vesicles which precipitate shortly after preparation (Chapter 2). 
When an o-hydroxyazobenzene unit is incorporated into a single chained ammonium 
amphiphile, a molecule is obtained which can effectively complex Cu2+ ions. This results in 
an extra stabilization of the formed aggregates in water and this complexation can be 
monitored by optical spectroscopy. This system is a very sensitive probe for the quantitative 
detection of minor concentrations of Cu2+ ions in water (Chapter 3). 
The double chained amphotropes all form bilayer vesicles in water (Chapter 4 and 5). These 
bilayer membranes show a phase transition from a rigid gel phase at low temperatures to a 
more mobile liquid crystalline phase at higher temperatures, as is also known to occur in 
biomembranes. The phase transition temperature is very dependent on the nature of the 
substituents at the mesogenic units. The phase transition temperature is however not related to 
the net dipole moment of the mesogenic units. Therefore, dispersion interactions rather then 
electrostatic interactions beween the permanent dipoles of the mesogens determine the 
strength of the mesogen-mesogen interactions (Chapter 4). 
The 4-cyanobiphenylyl-4'-oxy mesogenic unit shows large solvatochromic shifts of its 
fluorescence maximum. Amphotropes carrying this mesogen are therefore good probes to 
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monitor the micropolarity in all kinds of lyotropic aggregates. The obtained results are in 
good agreement with previous studies using pyrene as a probe (Chapter 5). 
In the bilayer membranes of these amphotropes the mesogenic units form H-aggregates which 
results in a blue shift of the UV absorption maximum of the mesogenic units. The extent of 
this blue shift is a direct measure for the ordering of the molecules in the bilayer. This offers 
the possibily to study a great number of membrane processes in detail. The process of 
monomer transfer between bilayer vesicles of these amphotropes and bilayer vesicles of 
nonmesogenic double chained amphiphiles has been studied in this way (Chapter 6). This 
transfer process is sometimes a one-way migration of the amphotropes to the bilayer vesicles 
of the other amphiphile. Depending on the nature of the amphotrope the reverse process can 
also occur. For the solubilization of bilayers of amphotropes in micelles of other surfactants 
the same processes were found. Additionally, these transfer processes have also been studied 
by differential scanning calorimetry and titration microcalorimetry (Chapter 6). 
The effect of polymerization of the bilayer membrane on the ordering of the molecules in the 
bilayer has also been studied. The molecular ordering is clearly reduced upon polymerization. 
The stability of the membrane however increases (Chapter 7). 
The orientation of the mesogenic units along the long axis of the molecule influences the 
aggregation behavior in water and at the water-air interface. This is not due to contributions 
of the dipole moments of the mesogenic units but can rather be attributed to steric effects. 
(Chapter 8). 
Complexes of these double chained ammonium amphotropes or didodecyldimethyl-
ammonium bromide with poly(acrylic acid) form tissue-like structures in water which can be 
regarded as model systems for biological tissues. Complexes of double chained ammonium 
amphotropes with poly(acrylic acid) can be considered to be ionically bound liquid crystalline 
side chain polymers and they exhibit very broad liquid crystalline temperature ranges 
(Chapter 9). 
The triple chained amphotropes form stable monolayers at the water-air interface. These 
molecules initially lie flat at the water surface and upon compression the hydrophobic chains 
are one by one expelled from the water surface. The compressed monolayers can be 
transferred onto solid substrates. Subsequent layers are transferred in a head-to-tail mode. 
These transferred layers are however not stable and reorganize to a head-to-head and tail-to-
tail packing. Eventually a thin film of (liquid) crystalline material is obtained. In the case of 
the compound with azobenzene mesogens, the orientation of the molecules in the film can be 
influenced by irradiation with UV light. This offers the possibility to write patterns in these 
films; an optical data storage device (Chapter 10). 
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Wanneer de struktuurkenmerken van amfifïelen en thermotrope vloeibare kristallen worden 
verenigd in één molecuul d.w.z. een polaire kopgroep met apolaire staarten en mesogene 
eenheden, dan worden stoffen verkregen die zowel thermotroop als lyotroop mesomorfisme 
kunnen vertonen. Dit type verbindingen noemen we amfotrope vloeibare kristallen of 
kortweg amfotropen. 
In dit proefschrift wordt een studie aan een serie nieuwe amfotrope verbindingen beschreven. 
Het merendeel van deze nieuwe amfotropen bevat een kationische ammoniumkopgroep en 
één, twee of drie apolaire staarten met verschillende typen aromatische mesogene eenheden, 
hoewel ook enkele verbindingen met anionische kopgroepen zijn onderzocht. De doelstelling 
van het onderzoek is het correleren van de moleculaire struktuur met de zelfordenende 
eigenschappen van deze verbindingen. Vooral is gekeken naar het effect van verschillende 
mesogene eenheden op het aggregatiegedrag van deze verbindingen in water en aan het 
water-lucht grensvlak. 
De enkelstaartige amfotropen vormen micellaire strukturen in water. Opvallend is dat deze 
aggregaten beter worden gestabiliseerd door azobenzeenmesogenen dan door bifenyl- of 
stilbeenmesogenen, ondanks het meer hydrofiele karakter van azobenzeen. Dit wordt 
toegeschreven aan sterkere n-n stacking interacties tussen azobenzenen dan tussen bifenylen 
of stilbenen. De polariseerbare azogroep zou kunnen zorgen voor extra dispersie interacties 
tussen de mesogenen wat de zelfaggregatie ten goede komt (Hoofdstuk 2). 
De vorming van ionpaaramfifielen van deze amfotrope ammonium verbindingen met natrium 
dodecylsulfaat als tweede component kan direct worden gevolgd met UV absorptie-
spectroscopie en fluorescentiespectroscopie. Deze ionpaaramfifielen vormen bilaagvesikels, 
maar deze kristalliseren kort na de bereiding uit (Hoofdstuk 2). 
Wanneer een o-hydroxyazobenzeeneenheid wordt geïncorporeerd in een enkelstaartig 
amfifiel, dan wordt een verbinding verkregen die zeer efficiënt Cu^+ ionen kan binden. Dit 
resulteert in een extra stabilisatie van de gevormde aggregaten in water en kan optisch 
worden gedetecteerd. Dit systeem is zeer gevoelig voor de kwantitatieve detectie van Cu^+ 
ionen in water (Hoofstuk 3). 
De dubbelstaartige verbindingen vormen allen bilaagvesikels in water (Hoofdstuk 4 en 5). 
Deze bilaagmembranen vertonen een faseovergang van een rigide gelfase bij lage 
temperatuur naar een vloeibaar-kristallijne fase bij hogere temperatuur, net zoals bekend is 
voor biomembranen. De faseovergangstemperatuur is erg afhankelijk van het type substituent 
aan de mesogene eenheid (Hoofdstuk 4). De faseovergangstemperatuur is echter niet 
gerelateerd aan het netto dipoolmoment van de mesogene eenheid. Het zijn blijkbaar eerder 
dispersie interacties dan dipolaire interacties tussen de permanente dipolen van de mesogenen 
die de sterkte van de mesogeen-mesogeen interactie bepalen. 
De 4-cyanobiphenylyl-4'-oxy mesogene eenheid vertoont aanzienlijke solvatochrome 
verschuivingen van haar fluorescentiemaximum. Amfotrope verbindingen met deze 
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mesogene eenheid zijn dan ook geschikt om the micropolariteit in allerlei lyotrope systemen 
te bepalen. De resultaten komen goed overeen met polariteitstudies uitgevoerd met pyreen 
(Hoofdstuk 5). 
In bilaagmembranen van amfotrope verbindingen liggen de mesogene eenheden netjes 
gestapeld hetgeen resulteert in een blauwverschuiving van het UV-absorptiemaximum van de 
mesogenen. De mate van deze verschuiving is een directe maat voor de ordening van de 
moleculen in de bilaag. Dit biedt de mogelijkheid om een groot aantal membraanprocessen in 
detail te bestuderen. Zo is het proces van monomeeruitwisseling tussen bilaagmembranen van 
deze amfotrope verbindingen en gewone dubbelstaartige amfifielen in detail bestudeerd 
(Hoofdstuk 6). Dit uitwisselingsproces is soms een éénrichtingsverkeer van de amfotrope 
verbindingen naar de bilagen van het andere amfifiel. Afhankelijk van de aard van de 
amfotrope verbinding kan soms ook het omgekeerde proces optreden. Hetzelfde geldt voor 
het oplossen van bilaagmembranen van deze amfotrope verbindingen in micellen van andere 
surfactanten. Deze processen zijn daarnaast ook bestudeerd met differential scanning 
calorimetry en titratie microcalorimetrie (Hoofdstuk 6). 
Verder is gekeken naar het effect van polymerisatie van de membraan op de ordening van de 
moleculen in de bilaag. De moleculaire ordening neemt duidelijk af als gevolg van 
polymerisatie. De stabiliteit van de membraan wordt daarentegen wel groter (Hoofdstuk 7). 
De richting van de mesogene eenheid langs de lengte-as van het molecuul beïnvloedt het 
aggregatiegedrag in water en aan het water-lucht grensvlak. Dit lijkt niet te worden 
veroorzaakt door het dipoolmoment van de mesogene eenheden maar eerder door sterische 
effecten (Hoofdstuk 8). 
Complexen van sommige dubbelstaartige amfotrope ammoniumverbindingen of dido-
decyldimethylammonium bromide met polyacrylzuur vormen complexe microstructuren in 
water die kunnen worden beschouwd als een modelsysteem voor biologische weefsels. 
Complexen van dubbelstaartige amfotrope ammoniumverbindingen met polyacrylzuur 
kunnen worden beschouwd als ionisch gebonden vloeibaar-kristallij ne zijketenpolymeren en 
vertonen uitgebreide vloeibaar-kristallijne temperatuurstrajecten (Hoofdstuk 9). 
De driestaartige amfotrope verbindingen vormen stabiele Langmuir monolagen aan het water-
lucht grensvlak. Deze moleculen liggen aanvankelijk plat op het water maar bij compressie 
worden de staarten één voor één uit het water gedrukt. De gecomprimeerde monolagen 
kunnen worden getransfereerd op vaste substraten. De opeenvolgende lagen worden kop-
naar-staart overgedragen. Deze getransfereerde multilagen zijn echter niet stabiel en 
reorganiseren naar een kop-naar-kop en staart-naar-staart pakking. Uiteindelijk wordt een 
ultradunne film (vloeibaar) kristallijn materiaal verkregen (1 tot 20 monolagen). In het geval 
van de verbinding met de azobenzeenmesogenen kan de oriëntatie van de moleculen in de 
film worden beïnvloed door de laag te bestralen met UV licht. Op deze manier kan in deze 
ultradunne lagen worden geschreven; een optisch dataopslagsysteem dus (Hoofdstuk 10). 
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